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I .  INTRODUCTION 

In the P&M Solvent Refined Coal Process, coal i s  dissolved under moderate hydrogen 
pressure in  an internal ly  generated heavy aromatic solvent t o  produce a liquid from 
which mineral matter i s  removed by f i l t r a t i o n .  
f i l t r a t e  by vacuum d i s t i l l a t i o n ;  the d i s t i l l a t i o n  residue which can be handled in 
e i ther  solid or liquid form i s  a very low ash, low sulfur  material known as Solvent 
Refined Coal (SRC). An objective of the laboratory program in support of the 
Solvent Refined Coal Pi lot  Plant  program i s  the development of procedures for  improved 
desulfurization of h i g h  su l fur  coals. Many of  the high vola t i le  bituminous coals i n  
the eastern half of the United States  contain an appreciable amount o f  pyrites which 
can be removed from the coal by f i l t r a t i o n  a f te r  the coal i s  dissolved i n  a suitable 
solvent. 
ana a naruraiiy caixiyzea nydruyeiidiiuri r e a ~ i i u i l  f j  $ 1 1  fr;lpo~-:tii;t ftit:~; i n  tk 
proper solution of the coal. 
which i s  a component of the organic phase of the coal. 
evidence f o r  the existence of natural ca ta ly t ic  e f fec ts  i n  such coals have been 
reported previously. 1,2,3.4,5&/ 

Current laboratory studies a re  directed t o  the development of suitable operating 
procedures t o  use the natural ly  catalyzed reactions more effect ively.  The general 
requirements for such react ions have been outlined by laboratory studies and a r e  
being tested in some p i l o t  plant  operations. 7,8/ I t  i s  now possible t o  dissolve a 
number of high vola t i le  bituminous coals arid t o  recover t h 2  organic material from 
the coal using these a r t s .  T h e  preferred reactor  designs and the best operating 
conditions are  not presently well defined. 

A sound basis for comercial  scale  processing of these coals depends on bet ter  
understanding of the chemistry of the coal solution reactions as  well a s  on the 
solution of a number of practical engineering problems. To a considerable extent 
the engineering problems appear to  be basic elements of coal processes u t i l i z ing  
e i t h e r  natural catalysts  o r  synthetic catalysts .  Therefore progress in  solving 
these problems in the Solvent Refined Coal Process should contribute t o  advancing 
related processes a s  well. 
will be suitable f o r  processing without resor t  t o  synthetic catalysts  but that  
others will need t o  be catalyzed additionally. The operating rules are n o t  
presently sharply defined; therefore the separation between sui table  and unsuitable 
coals can not be made without resorting t o  a program of practical t e s t s  in the 
laboratory. 

Accordingly the laboratory program i s  designed t o  improve the a r t  by studies of  
reactor combinations and process variables and to  demonstrate the s u i t a b i l i t y  
of various coals f o r  processing. Emphasis i s  placed on the use of natural catalysis 
i n  the hope t h a t  such processing will prove t o  be the cheapest route t o  purified 
coal derived fdels i n  a s ign i f icant  number of cases. The e f fec t  of specifications, 
such as  su l fu-  l imits ,  which may be imposed may determine the appl icabi l i ty  of 
a l ternat ive processes in the  future. I t  i s  necessary t o  know the technical l imi t s  

Solvent i s  recovered from the 

Normally t h i s  process i s  conducted in the presence of molecular hydrogen 

This reaction also increases the removal of sulfur  
The argument: and suppcrting 

Evaluation o f  natural catalysts  suggests that  some coals 
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f o r  t h e  process using natura 
reason also. It i s  exoected 

3 

ca ta l ys ts  and f o r  a l t e r n a t i v e  processes f o r  t h i s  
tha t  var ious  a1 te rna t i ves  - ca ta l ys ts ,  feedstocks, 

product q u a l i t y  requirements and so on w i l l  bc possible.  
design w i l l  r equ i re  knowledgeable compromises between these a l t e r n a t i v e s .  
data on the  na tura l  c a t a l y t i c  e f f e c t s  should comprise an essen t ia l  component o f  
the  th ink ing  which r e s u l t s  i n  choosing a coal  processing con f igu ra t i on .  

The experimental sec t i on  o f  t h i s  paper descr ibes several  recent  experiments which 
were done t o  develop op t im iza t i on  procedures f o r  the  n a t u r a l l y  ca ta lyzed coal  
s o l u t i o n  process. Such experiments must s a t i s f y  the  cons t ra in t  t h a t  a break-even 
amount o f  so lvent  be obtained and t h a t  t h e  reac t i ons  be cont inued wi th  so lvent  
recyc le  u n t i l  a steady s t a t e  develops between t h e  solvent,  t he  coa l ,  and the  r e a c t i o n  
cond i t ions  used. It i s  essen t ia l  t h a t  t h e  e q u i l i b r a t e d  so lvent  r e t a i n  t h e  capac i ty  
t o  donate hydrogen r e a d i l y  i n  the  i n i t i a l  stages o f  t he  coal  s o l u t i o n  reac t ion .  An 
add i t i ona l  cons t ra in t  i s  t h a t  t he  produc t  s o l u t i o n  must remain f i l t e r a b l e  as the  
system i s  equ i l i b ra ted .  Several a n a l y t i c a l  procedures are  used d u r i n g  reac to r  
opera t ion  t o  f o l l o w  the  e q u i l i b r a t i o n  process. 
se lec t i on  o f  representa t ive  samples f o r  complete ana lys is  and which can g i v e  advance 
warning i n  the  event t h d t  unsu i tab le  cond i t ions  o r  f a i l i n g  equipment a r e  endangering 
the  experiment. 
isi-i-ect cjiiipiii~iii iri- io sr;eii  iwiier. wperaiiriy cullcii iiuris. 
of recyc le  opera t ion  may be observed i f  poor so l ven t  r e a c t i v i t y  r e s u l t s  f rom the  
cond i t ions  i n  use, f o r  example. 

An optimum p l a n t  
Sound 
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These produce data which a l low the  

I t i s  now occas iona l l y  poss ib le  t o  recognize problems i n  t ime t o  
F a i i u r e  a f t e r  d per iod  

Although s p e c i f i c  equipment and some d e t a i l e d  experimental data a r e  t o  be presented, 
i t  i s  f e l t  t h a t  the  d e s c r i p t i o n  o f  t h e  opera t ing  methods may be o f  more general 
i n t e r e s t .  Some o f  these procedures may be usefu l  i n  r e l a t e d  coal  processing studies.  
The program o f  experiments invo lves  changes i n  reac to r  combinations as we l l  as t h e  
i n t e r p l a y  o f  a number o f  var iab les .  
decis ions regarding t h e  t ime t o  be spent i n  e q u i l i b r a t i o n  o f  t he  system before  
samples can be c o l l e c t e d  f o r  ana lys is  and g i ve  e a r l y  i nd i ca t i ons  o f  t h e  u t i l i t y  o f  
the  cond i t ions  chosen f o r  study i n  an experimental t r i a l .  Some r a p i d  a n a l y t i c a l  
methods have been developed which can be used t o  evaluate samples as t h e  reac to r  
i s  operated and which f a c i l i t a t e  such s tud ies .  
do represent some progress i n  improving s u l f u r  removal from Kentucky coa l .  
n o t  expected t h a t  t he  cond i t ions  repor ted  are  opt imized. 
should r e s u l t  from systemat ic exp lo ra t ions  us ing  these techniques. 
t o  o t h e r  coals a re  a l s o  planned as an ex tens ion  o f  t h i s  program. 

Rapid i n d i c a t i o n s  o f  t rends f a c i l i t a t e s  

The r e s u l t s  which a re  presented 

Continued improvement 
I t  i s  

I 
App l ica t ions  

11. EXPERIMENTAL 
1 

A. Equipment 

A s i m p l i f i e d  schematic diagram o f  t he  l abo ra to ry  sca le  continuous r e a c t o r  used i n  
these experiments i s  shown as Figure 1. Excluded from the diagram are t h e  s l u r r y  
feed system and the  hydrogen compression and meter ing system. A more complete des- 
c r i p t i o n  o f  t he  apparatus i s  presented i n  OCR Report No. 53 I n t e r i m  Report  No. 8. 4/ 
Coal d i s s o l u t i o n  and hydrogenation i s  accomplished i n  a two o r  t h ree  vessel  r e a c t o r  
cons i s t i ng  o f  a preheater and one o r  two d isso lvers  operated i n  se r ies .  The preheater 
cons is ts  o f  an 18 f o o t  c o i l  o f  13/64 I D  h igh  pressure tub ing  heated by a f l u i d i z e d  
sand bath. The i n t e r n a l  volume o f  t h i s  c o i l  i s  about 110 m l .  The f i r s t  d i sso l ve r  
i s  an e l e c t r i c a l l y  heated autoclave o f  about 450 m l  volume. Th is  i s  a vessel 1% 
inches ID X 15 inches t a l l .  I n  con t ro l  experiments repor ted  i n  t h i s  papet- the  
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reactor  system consisted only of these two vessels. Reacted material passes from 
the : f i r s t  dissolver t o  a t w o  l i t e r  autoclave, which may be used as a surge vessel 
only, or which may a l so  serve as a second dissolver. I n  the control experiments, 
product was removed from the autoclave by means of a dip tube which reached the 
bottom of the vessel. The autoclave was kept cool enough t o  prevent additional 
reaction in  this mode of operation. 
i t  was heated suff ic ient ly  hot t o  allow reactions to  proceed. Product was allowed 
t o  f i l l  the vessel t o  a level  established by an a l te rna te  dip tube ten centimeters 
from the bot tom of the autoclave. This allowed the accumulation of about 565 ml 
of liquid in  the autoclave. I n  the  control experiments a l l  liquid product was 
collected i n  the sample f l a s k  a t  near room temperature, and l igh t  o i l s  in  the 
product dis t r ibut ion were found by 
experimmts under consideration a f lash vessel was added to  the reactor system t o  
allow continuous separation of these fract ions as  the samples were made. 
modification caused l i t t l e  var ia t ion i n  resul ts  except f o r  a tendency f o r  loss  of 
some of the most vo la t i le  product which had previously been collected in  a dry ice  
cold t r a p  i n  the d i s t i l l a t i o n  of samples i n  the laboratory. 
operation the gas i s  separated from the liquid stream as i t  i s  collected in the 
sample f lask or i n  the f lash  vessel and i s  passed through a condenser before i t  i s  
ml lec ted  i n  a m!?her!zec! f,h?ir_ b-9. 
when samples are n o t  being collected the liquid i s  diverted t o  an al ternate  
receiver while t h e  gas whjch i s  djsengaged flows t o  a vent line. Hydrogen i s  mixed 
a t  a Tee between the s lur ry  feed pump and the preheater and has the chance t o  react 
ir: each of the heated vessels. Some additional hydrogen i s  metered into the system 
as  a gage l ine  purge  and t h i s  contacts only the contents of the two l i t e r  autoclave. 
This is s e t  t o  del iver  one mole of hydrogen per hour, an amount which i s  small 
compared t o  the input, before the preheater. 

6. Materials Used 

Kentucky coal from the Colonial Mine was used. 
T h i s  coal i s  ranked as a high vola t i le  B bituminous coal. Coal was ground t o  pass 
150 mesh. The coal. was sieved and a i r  dried in the process t o  an average moisture 
content of 1.5% t o  2.0%. Solvents were recycled i n  the process and a f t e r  a number 
of passes the ident i ty  of the  i n i t i a l  solvent i s  l o s t .  In  the control experiments 
the i n i t i a l  solvent was G u l f  FS 120 Carbon Black Feedstock for  the ser ies  which 
ended with CU 77, or a blend of FS 120.and crude anthracene o i l  for  the ser ies  
which ended with CU 90. The'series of experiments, CU 91 through CU 93 was s tar ted 
with a par t ia l ly  hydrogenated anthracene o i l .  The properties of these s ta r t ing  
solvents are  summarized i n  Table 11. 
in  t h i s  ser ies  was the demonstration tha t  the i n i t i a l  solvent would be converted in 
the process and t h a t  the equilibrated solvent would have a composition determined 
by the operating conditions and the coal used. This was the reason for  s ta r t ing  
different  experimental sequences with different  i n i t i a l  solvents or with solvent 
mix tures. 

When the autoclave was used as a second dissolver 

d i s t i l l a t i o n  of the sample. I n  the l a t t e r  

This 

In e i ther  mode of 

SG~?:; ;;"e :s::ected foi- iiiiied ;Illtir.vdis drid 

An analysis i s  given in Table I .  

One of the objectives of the experiments 

C.  Procedure and Product Workup 

Although coal dissolution i s  accomplished in a continuous process, product workup i s  
a batch process. Coal s l u r r y  and hydrogen are  fed continuously t o  the reactor which 
i s  controlled a t  the desired pressure and temperatures. 
accumulated in a product receiver over an  interval of 3 or 4 hours. 
product solution i s  taken t o  the laboratory for  workup which may include the following 

Product coal solution i s  
The coal 

c 
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operations: 
t o  remove the ash and the small amount of undissolved organic matter, and d i s t i l l a t i o n  
t o  recover solvent from the coal solution. 
i s  the principal Solvent Refined Coal product. 
amount needed for  recycle as solvent may also be obtained. 

In order t o  more rapidly a t ta in  a recycle solvent equilibrated w i t h  the coal and the 
reaction conditions, the f i l t r a t i o n  s tep may be eliminated, w i t h  solvent being re- 
covered from stripped unfiltered coal solution. 
turned t o  feed s lurry until the system is judged t o  be equilibrated. 
ment i s  continued a t  one s e t  of conditions with recycle of solvent unt i l  reaction 
control parameters indicate a s table  reaction has been achieved. A product or  
products may be collected a t  th i s  condition and subjected t o  the standard SRC workup 
including f i l t r a t i o n  f o r  determination of product properties and dis t r ibut ion.  
variable i s  then changed and solvent i s  again recycled until a new steady s t a t e  
appears t o  have been established. 
about 100 hours  during which two condition s e t s  may be equilibrated. 

The stripping procedure provides two l i g h t  o i l  cuts; "cold t rap  o i l "  which i s  not 
LUII&II& by d wdter cooiea condenser a t  tne vacuum a i s t i i l a t i o n  pressure (nominal ~y 
less than 3mm Hg) b u t  i s  condensed i n  a dry ice  t r a p ,  and "cut 1 o i l "  which i s  tha t  
d i s t i l l i n g  up to  90°C a t  less than 3mm Hg and condensed by the water cooled 
condenser. 
recycle solvent. 

stripping to  remove water and l i g h t  o i l s  formed in the process, f i l t r a t i o n  

The residue from th is  vacuum d i s t i l l a t i o n  
Some excess of l i g h t  o i l  above the 

This i s  mixed w i t h  coal and re- 
An experi- 

A 

Typically an experiment will be continued for  

I f  needed,scme o f  the cut  1 o i l  may be used t o  maintain a balance of 

Recycle solvent i s  tha t  collected between the e n d p o i n t  fo r  cut  1 o i l  and an upper 
l i m i t  i n  the range of 25OoC t o  3OO0C a t  typical vacuum pump pressures. 
d i s t i l l a t i o n s  a re  carried out from unfiltered coal solutions some decomposition 
is noted and d i s t i l l a t i o n s  are  terminated when the evolution of gases becomes 
s ignif icant .  This can be followed by use of a sui table  vacuum gage or by noting 
the formation of l i g h t  products which appear as a smoke l i k e  vapor i n  the condenser 
and solvent receiver. 
amount of solvent which can be reclaimed i n  t h i s  circumstance. In d i s t i l l a t i o n  of 
f i l t e r e d  solutions the solution appears more thermally s table ,  and the decomposition 
point i s  observed a t  a higher temperature than is the case w i t h  the mineral matter 
present. When several f i l t e r e d  samples a r e  collected i t  i s  usual t o  s t o p  the d i s -  
t i l l a t i o n  a t  a standard temperature chosen t o  produce a t  l e a s t  a break-even amount 
of solvent. 
determination. This information allows an estimation of the ava i lab i l i ty  of more 
solvent from the vacuum bottoms i f  necessary. The melting point of vacuum bottoms 
is'increased as solvent i s  removed, and break-even amounts of solvent usually are  
not obtained until the  melting point i s  about 185OC t o  20OoC. 
the degree of reaction with hydrogen, conversion t o  solvent, and depolymerization 
o r  repolymerization e f fec ts  must be taken into account i n  obtaining a solvent 
balance, therefore i t  i s  d i f f i c u l t  t o  use a standard temperature i n  a l l  cases. The 
objective of the reclaim procedure is  t o  obtain the necessary amount of solvent and 
remain within practical operating l imits  of vacuum flash equipment. 
not be achieved the operating condition s e t  must be abandoned as unsuitable f o r  use. 

I n  the equilibration procedure the reclaimed solvent i s  mixed with coal and returned 
t o  feed slurry. 
preparation of a sample with the weight of s lurry returned from the reformulated 
cut  2 o i l .  I t  is usually possible t o  es tabl ish a temperature a t  which a solvent 

When 

T h e  decomposition point determines the maximum practical 

Vacuum bottoms are  evaluated by elemental analysis and by mel t ing  point 

;i 

1 
The interplay between 

I f  t h i s  can 

i" I t  i s  a simple matter t o  compare the weight of s lurry fed in the 
1 I" 
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balance can be maintained, or t o  determine t h a t  no practical f inish temperature will 
allow a balance, as  the i n i t i a l  samples in the equilibration ser ies  are  being dis- 
t i l l e d .  As the equi l ibrat ion process is  continued a d r i f t  in  yield or  composition 
may be observed, as well as  osci l la t ion in these observations. Such adjustments 
from sample t o  sample are  usually small. In the s i tuat ion that  more than a break- 
even amount o f  solvent i s  obtained.the weight of s lurry in the feed vessel will 
increase. 
s a t i s f y  the constraint t h a t  a t  l e a s t  a break-even quantity of solvent be obtained. 

D. Discussion of Analytical Tools Used 

One of the problems i n  working with the continuous reactor system has been the 
development of methods by which the reproducibility of the product could be estab- 
lished and which could be used t o  indicate when the product was equilibrated with 
feeds and the e f fec t  of reaction conditions. This problem i s  of par t icular  impor- 
tance i n  the current type of study i n  which the objective is  preparation of well 
equilibrated samples. Two measurements which can be made rapidly on unfiltered 
coal solutions have been found t o  be par t icular ly  valuable in following the reaction 
while i t  is  in progress. 
The methods are based on measurements taken from infrared spectra and measurements made 
i n  tne vis ible  region. 
solution supported between polished rock s a l t  plates. 
bands i n  the CH x t r e t c  i n g  region. 
band a t  about 2920 cm-”to the aromaticxH stretching band a t  about 3050 cm-’ i s  
determined and i s  reported as the term IR. 
of the coal solution increases anddecreases a s  the hydrogenation decreases (and 
aromaticity increases). Plots  of IR versus time indicate i f  the hydrogenation level 
of the product i s  increasing, decreasing, or  has s tabi l ized.  
obtained i n  a few minutes and use only a drop  o f  sample. 
develop an observation rapidly and economically by th i s  method and to make rel iable  
estimates of the amount of hydrogen acquired o r  l o s t  by the solution. 

“Blackness” is  a measure of absorbance of the coal solution in the vis ible  region. 
I t  was found t h a t  colored material i n  the coal solution could be dissolved and 
measurements in the v i s i b l e  region could be used t o  follow the concentration of a 
f ract ion of dissolved coal i n  the  reaction product stream. These solutions absorb 
throughout the v is ib le  region, therefore the absorbance is  a rb i t ra r i ly  measured 
a t  550 nanometers. Measurements are  made i n  solution i n  pyridine i n  si inch square 

T h i s  i s  therefore  an unambiguous indication t h a t  the conditions i n  use 

These are  both  based on spectrophotometric measurements. 

Infrared spectra are obtained on thin films of unfiltered coal 
Of particular in te res t  are 

The rat io  of the nonaromatic CH s t re tchi  g 

This value increases as  the hydrogenation 

Spectra can be 
I t  i s  therefore easy t o  

. -  
cuvettes using a B&L Spectronic 20 spectrophotometer. 

Pyridine Soln. i n  ml) 

The blackness of the soiut ion should be-accepted a s  an empirical observation of a 
solution property. 
hydrogenation, depolymerization, and repolymerization reactions. 
most sensi t ive indexes which can be used t o  investigate the s ta te  of the product 
solution from the reactor. Normally blackness increases as the concentration of 
coal i n  the  feed i s  increased. 
i s  reacting t end  t o  reduce the blackness of the solution while increased temperature- 
time stress on the system usually will cause an increase in  the blackness o f  the 
solution. 
discussion despite the considerable reproducibility of the blackness observations. 
The  blackness determination requires only a few drops of solution and can be completed 
in a few minutes time. The combined information from IR and blackness determinations 
therefore provides supporting indications related t o  the course o f  the reaction and  i t s  

The value reports on  the net efFect of competition between 
I t  i s  one of the 

Factors which increase the amount of hydrogen which 

The responses are non l inear  and have not been f i t t e d  into a quantitative 
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probable extent of conversion. i f  the Same product 
i s  being obtained from sample t o  sample by use of these methods. Such resul ts  are 
available in a f ract ion of the time needed for  an evaluation based on solution 
workup by d i s t i l l a t i o n .  

Also, i t  i s  readily determined 

1 .I 

Gas analyses are  a l so  of value i n  monitoring the reaction. 
gases including hydrocarbons, C02, C O ,  HzS, and small amounts of ammonia are  deter- 
mined by standard means including infrared spectra, molecular weight, gas solid 
chromatography, and volumetric determination of the hydrogen sulf ide.  
hydrogen i s  calculated from the composition and volume of the output gas. 
subtracted from the hydrogen input t o  calculate the amount of hydrogen reacted. 
The yield 'of hydrogen su l f ide  in  the o u t p u t  gas  i s  a good indication of the amount of 
desulfurization which i s  observed, although enough sulf ide i s  dissolved i n  the 
water t o  cause some nonlinearity i n  th i s  observation also. This i s  because the  
water dissolves ammonia which extracts both carbon dioxide and hydrogen sulf ide from 
the gases until the ammonia i s  neutralized. 

The above analyses are used in  monitoring the continuous operation of the reactors. 
After product workup and solvent isolat ion,  more detailed analyses of products are  
carried out. 

e1ement;:I analysis, percentage ash, and the fusion point are  determined. 
dis t r ibut ion i s  determined by performing a l l  d i s t i l l a t i o n s  and f i l t r a t i o n s  quan- 
t i t a t i v e l y .  The insoluble residue is  carefully pyridine washed and the MAF con- 
version o f  the coal i s  calculated from the re la t ive  proportions of ash and carbon- 
aceous matter in  the insoluble residue a f t e r  careful drying of the washed residue. 
Liquid products may be fur ther  characterized by density determinations and by 
functional group analysis such as t i t r a t i o n  of amine o r  phenolic functions. These 
functions also tend t o  es tabl ish character is t ic  concentrations i n  the recycle 
solvent, f o r  example, and provide additional inspection methods f o r  lineout. 

E. 

The operating conditions and related information f o r  the experiments under dis- 
cussion a re  summarized i n  Table 111. In  th i s  table each experiment i s  numbered 
and represents a continuous operation from a single s tar tup of the reactor. A 
change in  operating conditions i s  given a l e t t e r  code and implies a lineout a t  a 
new condition. 

Concentrations of output 

Unreacted 
This i s  

Recycle solvents are  analyzed by infrared, nuclear magnetic resonance, 
2nd ~ l p z f i t : ;  Y,," -h . , c< . - - l  v,,J-"L"' U"Y'J-"-. = n 2 1 . r r i r  e2thciz. For F.o!:.cnt R,f;!ec! Cns! PrC!cl_!!ct the 

Product 

Range of Conditions Explored in  These Experiments 

F. Discussion of Experimental Results 

Results of runs with the two vessel reactor system are  presented f o r  comparison 
purposes. 
which modifications were made; f i r s t  t o  simulate s tar tup conditions a t  the F t .  Lewis 
p i l o t  plant, and then modified t o  improve desulfurization, solvent recovery, and 
the react ivi ty  of the recycle solvent f o r  bet ter  long term operation. 

Run CU 77 was the eleventh pass of solvent in a se r ies ,  described e a r l i e r ,  designed 
t o  simulate s tar tup of the F t .  Lewis p i l o t  plant with a petroleum derived solvent. ?/ 
This ser ies  of experiments was s tar ted with FS 120 Carbon Black Feedstock and was 
designed t o  recycle the solvent recovered from pass t o  pass unt i l  an equilibrated 

The f i r s t  of these, Run C U  77,  may be considered as a base r u n  from 
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recyc le  so lvent  had been developed. 
t h e  e leventh  pass so l ven t  was n o t  completely f r e e  o f  t he  i n f l uence  o f  the  s ta r tup  
solvent.  The concent ra t ion  o f  s u l f u r  i n  the  eleventh pass so l ven t  was higher than 
t h e  l e v e l  observed i n  l a t e r  e q u i l i b r a t i o n  products due t o  the  presence o f  a f r a c t i o n  
o f  s tab le  su l fu r  con ta in ing  compounds i n  FS 120. However, t he  b u l k  o f  the  so lvent  
hydrocarbon ma te r ia l s  appears t o  have been e q u i l i b r a t e d  f a i r l y  w e l l .  

The CU 77 product d i s t r i b u t i o n  and SRC Product ana lys is  age shown i n  Figure 2 and 
Table I V ,  respec t ive ly .  A r e c y c l e  so l ven t  c u t  o f  100-250 C a t  3 mm Hg provided a 
99% r e t u r n  o f  s o l v e n t  i n  t h i s  experiment. 
accomplished by a d d i t i o n  o f  p a r t  o f  the  c u t  1 o i l  obtained. No attempt was made t o  
op t im ize  d e s u l f u r i z a t i o n  i n  t h i s  ser ies  o f  experiments; vacuum bottoms contained 
1.0% s u l f u r .  The feed coa l  f o r  CU 77 contained 1.50% organic s u l f u r  which i s  some- 
what h igher  than the  1.29% organ ic  s u l f u r  repor ted  i n  Table I f o r  t h e  Kentucky No. 9 
coal  used i n  l a t e r  experiments. Th is  cou ld  be due t o  a mine run  v a r i a t i o n  i n  
composi t ion o r  t o  the  i n c l u s i o n  of some Kentucky No. 14 coal  i n  the  sample. 

The nex t  runs t o  be considered were made on the  same equipment b u t  opera t ing  con- 
d i t i o n s  were changed t o  match the  proposed s ta r tup  cond i t ions  f o r  t he  Ft .  Lewis 
P i l o t  P lan t .  The i n i t i a l  so l ven t  used was a blend o f  FS 120, crude anthracene o i l ,  
ana some creosore o i i .  The iabo ra to ry  operdt iny p ~ u ~ e d u r ~ e  w a b  1ilu;5Zed by d 5 ~ t f : l i , - ~ c j  
t h e  u n f i l t e r e d  product s o l u t i o n  t o  recover so lvent  f o r  recyc le ;  t h i s  expedi tes 
a t ta inment  of e q u i l i b r a t e d  r e c y c l e  so lvent .  
so l xen t  was known t o  be low i n  r e a c t i v i t y ,  operat ing temperature f o r  run  CU 89 was 
425 C i n  both t h e  preheater and d i s s o l v e r  f o r  t h e  f i r s t  few cycles;  t he  temperature 
was then advanced i n  stages when the  composition o f  t he  so l ven t  had changed enough 
t o  j u s t i f y  a change i n  ope ra t i ng  cond i t ions .  F ina l  opera t ing  temperature was 445OC 
i n  both t h e  preheater and d i sso l ve r .  
ness func t ions  f o r  t h i s  experiment i s  presented as Figure 3. 
t h e  so l ven t  recovery as a f u n c t i o n  o f  sample number i n  the  experiment. 

A gradual dec l ine  i n  hydrogen i n  t h e  product s o l u t i o n  i s  i nd i ca ted  by the  
I n i t i a l  so lvent  recovery was low because o f  a h igh  molecular weight f r a c t i o n  i n  the 
FS 120 which would n o t  be d i s t i l l e d  a t  t he  f i n a l  temperature o f  t he  so l ven t  reclaim 
d i s t i l l a t i o n .  
r e t u r n  on the average. Use o f  a l l  ava i l ab le  c u t  1 o i l  would have al lowed break-even 
operat ion.  The opera t ion  cou ld  have been improved by the  use o f  a h igher  d i s t i l l a t i o n  
endpoint  bu t  d i s t i l l a t i o n s  w-ere f i n i s h e d  near t h e  temperature a t  which decomposition 
was a factor.  
(hence t h e  designat ion experiment CU 90). By t h i s  t ime t h e  Ft.  Lewis P i l o t  P lan t  
had been operated and an exotherm i n  t h e  d i sso l ve r  had been observed t o  r a i s e  the 
reac to r  t o  an average temperature o f  about 45OoC with the  preheater a t  425OC. 
Experiment CU 90 was t h e r e f o r e  i n i t i a t e d  a t  a preheater temperature o f  425OC and 
a d i s s o l v e r  temperature of  45OoC. 
flow through t h e  reac to r  was in te r rup ted  by repeated p lugg ing  o f  t he  preheater.  
Somewhat b e t t e r  opera t ion  was achieved a t  a preheater temperature o f  44OoC ra the r  
than the  planned 425OC bu t  p lugg ing  was s t i l l  severe. From the  number o f  plugs 
encountered and subsequent i nspec t i on  o f  t he  equipment it appeared t h a t  the  solvent 

From recent work i t  i s  now es tab l i shed t h a t  

A break-even so lvent  y i e l d  could be 

Because the  FS 120 component o f  t he  

A p l o t  showing the  course o f  t h e  IR and black- 
Th is  p l o t  a l so  ind ica tes  

funct ion.  

Solvent recovery  then improved r a p i d l y  bu t  l i n e d  o u t  a t  o n l y  96% 

The exper iment was cont inued w i t h  the  same so lven t  a f t e r  a new s ta r tup  

\ 

\ This  experiment was conducted wi th g rea t  d i f f i c u l t y ;  

\ , 

I 



obtained i n  the  CU 89 experiment had been i n s u f f i c i e n t l y  reac t i ve  and t h a t  a slow 
depos i t ion  o f  carbon i n  the  preheater had been i n  e f f e c t  dur ing  the  l a t t e r  stages 
o f  the CU 89 experiment. Th is  spa l l ed  o f f  t he  tube l a t e r  when the  new s ta r tup  
was attempted and carbon depos i t ion  caused plugs t o  form a t  c o n s t r i c t i o n s  i n  f i t t i n g s .  
Th is  appears t o  be the  main problem i n  recyc l i ng  o f  a so lvent  which has n o t  been 
w e l l  hydrogenated, s ince  t h e  s l u r r y  w i l l  t o l e r a t e  on l y  m i l d  and ca re fu l l y  con- 
t r o l l e d  heat ing i n  t h i s  circumstance. The u n i f o r m i t y  o f  heat ing  t h e  preheater 
by the  f l u i d i z e d  sand bath may no t  be s u f f i c i e n t l y  good f o r  work near c r i t i c a l  
temperature l i m i t s ,  and t h i s  may have been a con t r i bu t i ng  f a c t o r  i n  the  d i f f i c u l t i e s  
observed. I n  any case the  use o f  a h igh  f i n a l  temperature f o r  d e s u l f u r i z a t i o n  o f  
product does no t  appear t o  be good procedure. The vacuum bottoms products which 
were made i n  experiment CU 89 contained an average o f  0.83% o f  s u l f u r  and i n  CU 90 
the  vacuum bottoms contained an average o f  0.75% o f  s u l f u r .  
cond i t ions  had been e f f e c t i v e  i n  removal o f  s u l f u r ,  bu t  a t  t he  cos t  o f  prepar ing 
a so l ven t  o f  doubt fu l  s t a b i l i t y  and r e a c t i v i t y  on recycle.  The concent ra t ion  o f  
coal  was increased i n  experiment CU 90 t o  30%. 
i n  producing a l e s s  s t a b l e  s o l u t i o n  i n  t h e  ho t  reac to r  b u t  t he  concent ra t ion  o f  
coal  i s  no t  thought t o  be the  main problem. 

It had been prev ious iy  es tab l i shed t h a t  good performance i n  a coai  a i s s o i v e r  couia 
be obtained i g  the  preheater were operated a t  a comparat ively h igh  temperature 
(45OoC t o  460 C f o r  exam l e )  w h i l e  the  d i s s o l v e r  was operated a t  a m i lde r  temperature 
(about 425OC f o r  example!. This two temperature - t w o  vessel system had been used 
r o u t i n e l y  i n  the  l abo ra to ry  w i t h  good resu l t s .  
ca t i on  o f  t h i s  s t ra tegy .  I n  i n i t i a l  t r i a l s  i n  the  F t .  Lewis P i l o t  P lan t  i t  was 
found t h a t  the  f i r s t  d i sso l ve r  heated spontaneously, as the  p s u l t  o f  the  exo- 
thermic heat o f  hydrogenation, t o  a temperature o f  about 450 C. Th i s  i s  h igher  
than the  p re fe r red  f i n a l  reac to r  temperature f o r  p repara t ion  o f  a w e l l  hydrogenated 
recyc le  solvent.  
o rde r  t e  minimize the  temperature i n  the  f i r s t  d isso lver .  As a consequence the  
ac tua l  opera t ion  o f  t h e  preheater and d i sso l ve r  was n o t  i n  the  p re fe r red  temperature 
p r o f i l e  and no t  i n  t h e  p r o f i l e  which had been used i n  most o f  t he  l i n e o u t  study 
program done i n  t h e  labora tory .  S u l f u r  removal us ing  t h i s  temperature p r o f i l e  
had been good, r e s u l t i n g  from exposure o f  t he  product s o l u t i o n  t o  heat f o r  
r e l a t i v e l y  long t ime i n t e r v a l s .  The problem the re fo re  appeared t o  reduce t o  the  
ques t ion  o f  ob ta in ing  and us ing  good temperature con t ro l s  i n  the  reac to rs  a t  hand. 
The Ft. Lewis P i l o t  Plant i ns ta l l a t i on ' i nc ludes  a second d i s s o l v e r  which can be 
operated i n  ser ies  w i t h  the  f i r s t .  It was the re fo re  reasonable t o  i nves t i ga te  
conf igura t ions  i n  which the  preheater temperature was m i l d  (425OC), t h e  f i r s t  
d i sso l ve r  was al lowed t o  heat under the  i n f l uence  o f  the  exothermic reac t ion ,  
and the  l a s t  d i s s o l v e r  was presumed t o  be cooled t o  produce a so l ven t  w i t h  a b e t t e r  
hydrogen concentrat ion i n  it. Such f i n a l  temperatures were expected t o  f a l l  i n  
t h e  4OO0C t o  4 2 5 O C  range w i t h  the  bes t  temperature no t  es tab l i shed.  Experiments 
o f  t h i s  k ind  were s imulated i n  runs CU 91 through CU 93. 

Use o f  the second d i sso l ve r  could be simulated i n  the  l abo ra to ry  by changing the  
l o c a t i o n  o f  t he  d i p  tube i n  t h e  two l i t e r  autoclave t o  a l l ow  a volume o f  l i q u i d  
product t o  accumulate i n  t h i s  vessel. I n  order t o  have a r e a c t i o n  i n  the  aiito- 
c lave  i t  was necessary t o  heat i t  t o  normal r e a c t i o n  temperatures. Since a new 
heater and new equipment operat ions were invo lved i t  was decided t o  exp lo re  the  
use of the lower operat ing temperatures i n  the  range o f  i n t e r e s t  f i r s t .  
c lave  has there fore  been used on ly  a t  4OO0C i n  t r i a l s  t o  be reported. 

Thus use o f  h o t  reac t i on  

This may have been another f a c t o r  

Experiment CU 77 t y p i f i e s  app l i -  

The preheater was operated a t  a maximum temperature o f  425 C i n  

The auto- 
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The i n i t i a l  i n v e s t i g a t i o n  w i t h  the  mod i f ied  r e a c t o r  system was done us ing  t h e  
cond i t ions  shown f o r  experiment CU 91A. The study was s t a r t e d  w i t h  an i n i t i a l  
so l ven t  charge o f  l i g h t l y  hydrogenated anthracene o i l .  
i n  t he  process t h e  concent ra t ion  o f  hydrogen i n  the  s o l u t i o n  and i n  t h e  reclaimed 
so l ven t  was observed t o  increase. Th is  was fo l lowed by means o f  in f ra red  spectra 
f o r  product s o l u t i o n  and t h e  reclaimed so lvent .  The course o f  the  IR, blackness, 
and so lvent  recovery func t i ons  f o r  t h i s  experiment i s  shown i n  Figure 4. I n  the  
i n i t i a l  ser ies  o f  samples made the recovery o f  so lvent  was improved f o r  t h i s  operat ing 
mode. 
was consumed. I t was obvious t h a t  n o t  as much hydrogen was being added as could 
be reacted under these cond i t ions .  The hydrogen f l o w  r a t e  was the re fo re  increased 
w i thou t  c o l l e c t i n g  a sample t o  represent the i n i t i a l  hydrogen starved p o r t i o n  o f  the 
experiment. The second p o r t i o n  o f  t h e  experiment, a f t e r  inc reas ing  the  hydrogen 
f low,  was designated experiment CU 91B. 

The increased hydrogen a d d i t i o n  r a t e  causedan abrupt  dec l i ne  i n  t h e  blackness o f  
t h e  s o l u t i o n  and an abrupt increase i n  the  IR values f o r  t h e  coal  s o l u t i o n  and f o r  
t h e  reclaimed so l ven t  ob ta ined by r e d i s t i l l a t i o n  o f  t he  coal  so lu t i on .  
i n  reacted hydrogen was confirmed by subsequent ana lys is  f o r  samples o f  t he  re -  
claimed solvent.  The experiment was cont inued f o r  a t o t a l  o f  t h i r t y  samples, w i t h  
r e t u r n  o f  the  reclaimed so l ven t  t o  t h e  feed s l u r r y  i n  each case, i n  an e f f o r t  t o  
e q u i l i b r a t e  the so l ven t  as w e l l  as poss ib le .  F i n a l l y  most of t he  feed s l u r r y  was 
r u n  through the  reac tors  t o  make two samples o f  s o l u t i o n  f o r  workup by f i l t r a t i o n  
and prepara t ion  o f  t he  usual ash-free vacuum bottoms and rec la im  so l ven t  samples. 
Samples were analyzed. 
CU 92. Vacuum bottoms p roper t i es  a re  g iven i n  Table I V  and rec la im  so lvent  pro- 
p e r t i e s  are given i n  Table V. 

Observation o f  abrupt changes i n  the composition o f  these products i n  response 
t o  changes i n  t h e  hydrogen i n p u t  r a t e  i s  convincing evidence t h a t  t he  ma te r ia l  i n  
t h e  reac tors  i s  e f f e c t i v e l y  catalyzed. 
pressures, the  coal  can be reduced by hydrogen, and product ion of l i q u i f i e d  mater ia l  
which accounts f o r  most o f  t h e  organic matter i n  the  coal i s  possible.  
conversion i n  t h i s  case was 97.3% f o r  the  average o f  the  two f i n a l  samples i n  the  
ser ies .  
t he  vacuum bottoms samples. 
0.56% o f  su l fu r .  

As so lvent  was recyc led  

I t  was a l s o  observed t h a t  over h a l f  o f  the  hydrogen added t o  the  reac to r  

The increase 

The reclaimed so lvent  was pooled f o r  use i n  experiment 

Given s u i  t a b l e  temperatures and hydrogen 

The MAF 

I n  t h i s  case the  vacuum bottoms contained 0.52% t o  
Another convincing observat ion i s  the  comparat ively low s u l f u r  con ten t  o f  

The l i g h t l y  hydrogenated anthracene o i l  which was used as t h e  i n i t i a l  charge o f  
so lvent  i n  t h i s  experiment contained 6.04% hydrogen. I n  t h e  hydrogen s ta rved 
p o r t i o n  o f  the experiment t h e  reclaimed so l ven t  had remained a t  s u b s t a n t i a l l y  
t h i s  composition. The ana lys i s  f o r  several  rec la im  so lvent  samples i s  presented 
i n  Table V and i t  can be seen t h a t  t h e  so lvent  had remained c lose  t o  t h e  com- 
p o s i t i o n  o f  the i n i t i a l  so l ven t  charge through sample 12. Sample 11 contained 
6.00% hydrogen f o r  example. Values f o r  IR f o r  the  s o l u t i o n  a lso  i n d i c a t e  l i t t l e  
change i n  the  composi t ion o f  the  so lu t i on  &r ing  t h i s  p o r t i o n  o f  the  experiment. 
A f t e r  t he  hydrogen f l o w  was increased the  IR values f o r  s o l u t i o n  samples and f o r  
t he  reclaimed so l ven t  increased. 
t o  6.58% f o r  example. 
maining samples w i t h  minor va r ia t i ons  only.  I t  should be remarked t h a t  IR values 
f o r  t he  coal  so lu t i ons  con ta in  a component con t r i bu ted  by t h e  'd issolved coal ,  
and t h a t  t he  reclaimed so l ven t  commonly w i l l  y i e l d  a d i f f e r e n t  value. The volume 
of s l u r r y  requ i red  t o  ma in ta in  a safe l e v e l  o f  ma te r ia l  i n  the  feed system w h i l e  

The hydrogen conten t  o f  t he  14 th  sample increased 
Th is  composition remained es tab l i shed throughcut t h e  re -  

, 

'1 
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solutions were being red is t i l l ed  t o  obtain reclaim solvent was such t h a t  about 3 
or 4 samples were needed t o  complete one pass of solvent through the reactor 
system. 
through the reactor. 

Experiment CU 92 was s ta r ted  with the s lurry heel retained from the previous 
experiment plus additional s lur ry  formulated with the solvent reclaimed from the 
f inal  samples prepared and worked up for  analysis. 
i s  a continuation of the previous experiment. 
were also the same as  the f inal  temperatures used i n  the previous experiment. 
concentration of coal was increased from 30% used i n  the previous experiment to  
35%. This change combined w i t h  a small adjustment i n  the  hydrogen input ra te  
resulted i n  reducing the hydrogen i n p u t  ra te  from 8.0% in the CU 918 experiment 
to  5.6% based on the feed coal in  the l a t t e r  case. The CU 92A portion of the 
experiment was continued f o r  13 samples and an hour long sample was then taken for  
complete workup. After t h i s  sample was completed the temperature of the f i r s t  
dissolver was reduced from 45OoC t o  435OC. 

This change resulted i n  an a b r 2 t  decline in  the blackness of the solution and 
again a sharp increase in the IR values of the product solution and of the re- 

developed in  the second dissolver which caused the temperature t o  increase from 
4OO0C t o  the vicini ty  of 41OoC. 
outer jacket was rese t  t o  allow a cooler jacket temperature. During t h i s  time 
the yield of solvent was well above the break-even amount. This s i tua t ion  pre- 
vailed throughout the remaining p a r t  of the experiment and would have averaged 
about 4% excess assuming the cut  1 o i l  were formulated also. The react ivi ty  of the 
system appeared t o  o s c i l l a t e  throughout the remainder of the experiment. 

The vacuum bottoms sample taken a t  the end of the  CU 92A sequence contained only 
0.54% sulfur. 
sulfur  ranging from 0.60% t o  0.70% and the values seemed t o  be under the influence 
of reactor osci l la t ion.  
contained 6.64% hydrogen (from sample 14) while the reclaimed solvent made in  the 
CU 928 part of the 9 e r i m e n t  contained an average of about 6.85% hydrogen. The 
control functions, IR and blackness, therefore reported t h i s  trend with apparent 
r e l i a b i l i t y .  
6 or  7 cycles of use. Data f o r  CU 92 are  plotted in  Figure 5. 

Experiment CU 93 continued with the recycled solvent recovered from the previous 
experiment. The i n i t i a l  s lurry contained 35% coal; operating changes were a 
reduction of the f irst  dissolver from 435O t o  425OC and an increase i n  the preheater from 
425' t o  45OoC. This portion of the experiment was run with some d i f f i c u l t y  since the 
temperature recorder fa i led  a t  the end of the 5th sample. 
was sustained by moving a portable potentiometer from one thermocouple t o  another 
while the multipoint recorder was beinerepaired.  
during several samples and blackness, IR values, and the amount of recycle solvent 
obtained a l l  show related effects  d u r i n g  t h i s  portion of the experiment. 
seemed t o  be well corrected by the 14th sample. 
f o r  complete workup a t  th i s  time. 
was then increased t o  40% t o  continue with the CU 938 xquence. 
resulted in  an increase i n  t h o  blackness of the solution b u t  did not resu l t  i n  
much ef fec t  on the IR values f o r  the coal solution. Oscillation of the amount of 
reclaim solvent available f o r  recycle developed following the increase i n  coal 

Experiment CU 91 therefore represents about 6 or 7 passes of solvent 

I n  this sense experiment CU 92 

The 
The i n i t i a l  operating temperatures 

clai;;;;d ; c l v e n t  obtcjned f ? = ~  the  1: ;d<itjo: ; r m - ~ l l  n v r r C h q r m i r  raarCinn 
. . , I I U I  I C , . Y * , I C  *., IC I LY..*I..,. 

This persisted unt i l  the control ler  f o r  the 

The samples taken a t  the end of the CU 928 sequence contained 

The reclaimed solvent obtained in the CU 92A sequence 

During this portion of the experiment the solvent accumulated another 

The continuous operation 

Temperature control was upset 

A sample was therefore collected 
The upset 

The concentration of coal in the  feed s lurry 
This change 
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concentration. 
i n t o  a week of continuous operation. 
brated product a t  the 23rd sample. 
then increased t o  the 435OC level t o  investigate the prospect for  be t te r  sulfur 
removal a t  this temperature. 
of the solution, l i t t l e  e f f e c t  on the IR values for  the coal solution, and a 
temporary drop in  the amount of solvent which could be reclaimed from the unfiltered 
coal solution. 
the temperature change. 
analysis. 
time the reactor was s h u t  drjwn. 
of excess solvent i n  the  usual solvent range, with some additional cut 1 o i l  
available i f  needed. 
contained 0.59% sulfur .  
tained 0.73% sulfur. 
samples for complete workup. 
contained sulfur ranging from 0.62% t o  0.69%. 

Experiment CU 93 included the attempt to  crowd three experiments 
A sample was taken t o  represent the equili- 

The temperature of the f i r s t  dissolver was 

This c h a x e  resulted in  an increase i n  the blackness 

This drop appears t o  have been mostly corrected f ive  samples a f t e r  
Samples 29, 30, and 31 were taken for  complete workup and 

I t  i s  questionable whether s table  operation had been established a t  the  
The  trend appeared established f o r  a srcdll yield 

The vacuum bottoms sample representing C U  93A operations 
The vacuum bottoms representing CU 938 operations con- 

The experiment was terminated by the preparation of three 
The vacuum bottoms representing the CU 93C condition 

Data f o r  CU 93 are plotted in Figure 6. 

G. Reporting of Yield and Sulfur Balance Results 

ikL;iu& i i ave  beeii r ieve iupec i  f u r  iiiedhur i i i g  iiie i r i p u i b  a i d  u u i p u i h  iii experillleili~ iii 
t h i s  continuous reactor  system with precision. 
OCR Report 53, Interim Report 8. As a resul t  of these studies material balances 
a re  commonly closed t o  account for  99.5% of the materials i n  each of the samples 
made. 
normally accounts for  b e t t e r  than 99% of the materials in these subsidiary 
operations. 
a flow chart which consolidates several samples in  a s ingle  average calculation. 
An example of such data i s  presented as Figure 7 which gives the detai led summary 
f o r  experiment CU 92B and which reports the data based on three samples collected 
a t  the end of  tha t  experiment f o r  complete analysis. 
chart can be combined with elemental analysis resul ts  t o  calculate the balance of 
sulfur in  the process. Sulfur balance was 
closed w i t h  good accuracy. 
and w i t h  the mineral phases removed by f i l t r a t i o n .  A small amount of sulfur  i s  
removed as  ammonium sul f ide  dissolved i n  the  water produced. 

These are  reported in  detai l  in 

Dist i l la t ions and f i l t r a t i o n s  are  managed in  a quantitative procedure which 

Usually these resu l t s  are  summarized in  the form o f  a yield table and 

The information on this  

The balance is presented i n  Table V I .  
Sulfur i s  removed by the evolution of hydrogen sulf ide 

111 SUMMARY 
Measurements useful i n  studying the Solvent Refined Coal continuous reactor have been 
described. 
recycle of solvent a t  each condition so that  the recycle solvent i s  in equilibrium 
w i t h  the  process. Addition of a second dissolver vessel which i s  operated a t  a lower 
temperature t h a n  the preheater and the  f i r s t  dissolver had the following beneficial 
e f fec ts .  

Several changes i n  operating conditions have been investigated with 

1.  Improved desulfurization 
2. Increased solvent recovery 
3. Improved hydrogen t ransfer  capacity of the recycle solvent. 

Coal concentrations up to  40% in the feed slurry have been used without diff icul ty .  
Solvent Refined Coal Products w i t h  sulfur  levels as  low as 0.52% have been obtained. 
Conditions used are not known to be optimal b u t  the stepwise investigation of 
variables described has brought about significant improvement i n  the  sulfur content 
of the vacuum bottoms product. 
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Table I 
Analysis of F i r s t  Lot P i lo t  P l a n t  Coal 

Sample: First l o t  coal f o r  F t .  Lewis Pi lot  Plant 
Six car  composite; received May 7 ,  1974 
From Colonial Mine, Hopkins County, Kentucky 

PROXIMATE ANALYSIS As received Dry basis 

% Moisture 
% Ash 

% Volatile 
% Fixed Carbon 

Btu  
% Sulfur 

% A l k  as Na20 

SULFUR FORMS 
I Pyri t ic  Sulfur 
% Sulfate Sulfur 
% Organic Sulfur 

% Total S u l f u r  

5.84 
7.95 

39.89 
46.32 

100.00 

12529 
3.14 

xxxxx 

1.87 
0.05 
1.22 
3.14- 

xxxxx 
8.44 

42.36 
49.20 
100.00 

13306 
3.33 
0.12 

1.99 
0.05 
1.29, 
3.33 

FREE SWELLING INDEX = 4 
SILICA VALUE = 54.5J 

T250 = 2260 F 

% Weight 
ULTIMATE ANALYSIS As received Dry basis 

Moisture 5.84 xxxxx 
Carbon 69.15 73.44 

Hydrogen 4.99 5.30 
Nitrogen 1.53 1.62 
Chlorine 0.02 0.02 

Sulfur 3.14 3.33 
Ash 7.95 8.44 

Oxygen (d i f f )  7.30 7.85 
100.00 100.00 

MINERAL ANALYSIS 
Phos.pentoxide,P~O5 

S i l i ca ,  S102 
Ferric oxide.Fe103 

A1 umi na ;A1 50; 
Titania,TiO 

Lime,& 
Magnesia,MgO 

Sulfur tr ioxide ,SO 
Potassium oxide ,Kzd  

Sodium oxide,Na20 
Undetermined 

% Weight 

0.22 
40.18 
31.28 
22.00 
0.98 
1.60 
0.65 
0.55 
1.88 
0.23 
0.43 

100.00 
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Table I1 

Composition of In i t i a l  Solvents Used 

Solvent FS 120 Carbon CU40 Hydrogenated F t .  Lewis c 
Black Feedstock Anthracene Oil Solvent Blend 

Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Oxygen 
IR Value 
Proton Distribution % by 

89.52 
7.72 

2.20 

4.47 

9.2 
31.4 
29.7 
29.7 

NMR* 

90.58 90.28 
6.04 6.76 
1.07 
0.36 1.62 
1.95 
0.98 1.8T 

1.6 4.5 
8.6 14.7 

20.5 26.6 
69.3 54.2 

* See reference 9 
Table IV 

Cc2pcs:tic: c f  \!acoun! !?c!ttsms 

Experiment Sample f % C % H  % S  

cu 77 
cu 89 

cu 90 
CU 918 

CU 92A 
CU 92B 

CU 93A 
938 
93c 

Average 
19 
20 
8 

31 
32 
14 
31 
32 
33 

29 
30 
31 

87.88 
87.59 

89.21 
89.29 

88.19 
87.84 
87.55 
86.83 

87.59 

87.8Q 
88.09 

87.77 

88.24 

5.33 1.03 
5.37 0.84 

5.09 0.75 
5.70 0.52 

0.56 
5.16 0.54 
5.43 0.60 
5.52 0.70 
5.11 0.64 

5.46 0.83 

0.59 
5.38 0.73 
5.34 0.69 
5.30 0.68 
5.22 0.62 

% Ash 

0.079 
0.046 
0.058 
0.075 
0.11 
0.16 
0.11 
0.10 
0.09 
0.11 
0.21 
0.10 
0.10 
0.19 
0.11 

& 
207 
180 
198 
219 
171 
226 
223 
212 
21 5 
220 
243 
238 
225 
225 
235 
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Table VI 

Sulfur Balance Data fo r  Run CU 92B 
Composite samples 31, 32, & 33 

Yields from Figure 7 

Grams S Weight Substance Grams % Sulfur 

Input 
Coal 2527 3.33 84.15 

Hydrogen 141 
Solvent 4649 0.49 22.78 

Total 731 7 106.93 

o u t p u t  
Gas (raw)a 366 
Water (Composite) 187.1 0.9% 
Cold Trap Oil . 59.2 0.76 
rllt 3 051 194 3 0.42 
C u t  2 Oil 4607 0.50 
Vacuum Bottoms 1514 0.65 
Pyridine Insolubl es 376.3 9.29 
Not accounted f o r  12.7 

Total 7316.6 
Accountabi 1 i t y  

36.62 
1.72 
0.45 
0;81 

23.03 
9.84 

34.96 

107.43 
100.5% 

a )  Gas output = 42.39 moles a t  2.70 mol % hydrogen sulfide.  This accounts 
for 36.62 grams of sulfur.  
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Figure 1. Simplified Schematic Continuous Reactor 
(Not to scale) 

w e h e a  t e r  Cot 1 
2. Fluidized Sand Bath 
3. 1 s t  Dissolver 45Gm1 Autoclave) 
4. 2nd Dissolver 12 l i t e r  Autoclave, Volum used ca 565 ml) 
5. Pressure Controller 
6. Reactor Pressure. Indica& 
7. Gismo Valve 
8. 3-Way Manifold Valve 
9. Slop Vessel 

10. Flash Vessel 
11. Cold water condensers 
12. Flash Condensate Receiver 
13. Knockout Vessel 
14. ?as Collection Bag 
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Hydrogen 239 
Iji trogeti 2c10 
Total cas 7 3 T -  - 

Figure  2 CU 77 Flow Diagram 
1 1 t h  Pass O f  Reclaim Solvent 

19 

Frchcater -455Oc 
Dissolver 4 3 s F  
Pressure. 1500 p s i q  

Hydrogen Addition ' ' 

. Rate 6.0 moles/hr. . 

Gas . 439 

Total T(&<g- 
Slurry 1 ( 1 2 2 0  . . .  

062 

212.0 

Coal 3 7 1 1 8  

a 
b 
c 
d 

Includes excess cut 1 o i l  from disti l lation. 
Greater than 100% due to a d d i t i o n  o f  hydrogen. 
Cut 1 oil  i n  input slurry. 
hdditiotial cut  1 o i l  needed to reach breahcven reclaim solvent yield 

. of 63.72%. 
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Figure 7 CU 928 Flow Diagram 
(Products 31, 32, 33) 

Preheater 425OC 
1s t  Dissolver 435% 
2nd Dissolver 4OO0C 
Slurry Feed Rate 800 g / h r  
Hydrogen Feed Kate 5.6 moles/hr 
Pressure 1500 psig \ 

Hydrogen 141 

Coal 2527 > 
Solvent 4693 /- 
Net Solvent I n  4649 I C u t  1 Oil 

366 
Volatiles Lost 12.7 

Trap  Oil 59.2 
194.3 

-Evaporation loss -44 

14607 Recl aim Sol vent 'I 
Water 187.1 Y 

6497 Stripped L i q u i d  

' 771.2 \--I Wet F i l t e r  Cake 1 
I 48.8% 1 Y j 7 B . 3 7  66.19%j= 

1 1- Insoluble Organic Matter 

* Pyridine soluble f rac t ion  P r id ine  Insolubles 1 
WFC included w i t h  f i l t r a t e  
for  calculation purposes. 

& 33.81% 

127.2 

Product Summary Weight % of Feed Slurry % of Raw Coal 

Total Gas 366 

Net Gas 279 3.89 11.05 
Water 187.1 2.61 7.41 
Volatiles Lost 12.7 0.18 0.51 
Cold Trap Oil 59.2 0.82 2.33 
Cut  1 Oil 194.3 2.71 - 0.59 6.02 
C u t  2 Oil 4607 64.20a + 0.5gh - 
Vacuum Bottoms 1514 21.10 59.92 

H2 - 87 

Ash t. 249.1 3.47 
Insoluble Organic Matter 127.2 1.78 

Total 100.76 

9.85 
5.05 

102.14 

a )  Correct i n p u t  cut 2 concentration i s  64.79%. 
b) Amount of c u t  1 required t o  reach breakeven solvent yield.  
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ABSTRACT 

The CO-steam p r o c e s s  o f  coal l i q u e f a c t i o n  was s t u d i e d  a t  t h e  
Colorado School of Mines t o  de t e rmine  t h e  e f f e c t s  of t empera tu re  
and p r e s s u r e  on t h e  l i q u e f a c t i o n  and d e s u l f u r i z a t i o n  of a h i g h  s u l -  
f u r  b i tuminous  c o a l .  The CO-steam p r o c e s s  u t i l i z e s  t h e  s h i f t  r e a c -  
iioii, wh ich  r e a c t s  water and carbon monoxide t o  form hydrogen and 
carbon d iox ide ,  a s  t h e  s o u r c e  o f  hydrogen f o r  hydrogenat ion  and 
d e s u l f u r i z a t i o n  of t h e  coal. The c o a l  was d i s s o l v e d  wi th  a c r e o s o t e  
o i l  s o l v e n t  b e f o r e  r e a c t i o n .  

Reac t ion  
t empera tu res  were v a r i e d  from 315OC t o  415OC and r e a c t i o n  p r e s s u r e s  
were v a r i e d  frcm 2500 p s i g  t o  3500 p s i g  by va ry ing  t h e  i n i t i a l  carbon 
monoxide p r e s s u r e  a t  room tempera tu re  f ro r .  400  p s i g  t o  600 p s i g .  Fixed 
c F e r a t i n g  v a r i a b l e s  w e r e :  s o l v e n t - t o - c o a l  r a t i o ,  water - to-coa l  r a t i o ,  
r e a c t i o n  t i m e ,  and s o l v e n t  t ype .  The f o l l o w i n g  a n a l y s e s  w e r e  perform- 
ed on t h e  l i q u i d  c o a l  and  s o l v e n t  mixture :  p e r c e n t  benzene i n s o l u b l e s ,  
t o t a l  s u l f u r  a n a l y s i s ,  k i n e m a t i c  v i s c o s i t y ,  carbon hydrogen a n a l y s i s ,  
r e a c t i o n  gas a n a l y s i s ,  and h e a t i n g  valGes.  S u l f u r  b a l a n c e s  and over- 
a l l  m a t e r i a l  b a l a n c e s  were c a l c u l a t e d .  

Exper imenta t ion  w a s  done i n  L a t a 1  a u t o c l a v e  reactors. 

The r e s u l t s  i n d i c a t e  t h a t  conve r s ion  of c o a l  t o  l i q u i l  i n c r e a s e s  
w i t h  a n  i n c r e a s e  i n  r e a c t i o n  t empera tu re  ove r  t h e  r ange  s t u d i e d .  
However, changes i n  ca rbon  monoxide p r e s s u r e s  d i d  n o t  appea r  t o  have 
any  d e f i n i t e  e f f e c t  on  c o a l  conve r s ion  i n  t h e  p r e s s u r e  r ange  inves -  
t i g a t e d .  Coal conve r s ions  ranged from 51 t o  99 p e r c e n t  on a m o i s t u r e  
and a s h - f r e e  b a s i s .  

Coal d e s u l f u r i z a t i o n  i n c r e a s e d  w i t h  a n  i n c r e a s e  i n  r e a c t i o n  
t empera tu re  ove r  t h e  r ange  s t u d i e d .  D e s u l f u r i z a t i o n  r e s u l t s  found 
i n  t h i s  s tudy  were n o t  a s  good as t h o s e  p o t e n t i a l l y  a t t a i n a b l e  u s i n g  
pu re  hydrogen. The maximum d e s u l f u r i z a t i o n  a t t a i n e d  i n  t h i s  s tudy  
W a s  57 p e r c e n t .  The d e s u l f u r i z a t i o n  o b t a i n e d  may n o t  be t h e  maximum 
a t t a i n a b l e  under t h e  r e a c t i o n  c o n d i t i o n s  s t u d i e d  because  of  t h e  
e q u i l i b r i u m  l i m i t a t i o n s  of  a h a t c h  r e a c t o r .  
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INTRODUCTION 

\ 

\ 

r; 

I 

Now, because of the energy shortage, pollution controls and 
depenaence on foreign oil sources, there is a growing interest in 
coal liquefaction to produce a clean fuel oil from domestic resources. 
Many power plants burn fuel oil and natural gas instead of coal to 
meet environmental pollution regulations. If a coal-derived oil 
were used to replace the current feeds to power plants this would 
release the petroleum oils and gas consumed by power plants for use 
in home heating, industry, and motor fuel, thus relieving the short- 
age of petroleum-derived fuels. Conversion of coal to clean fuels 
can be accomplished both by liquefaction and gasification; however, 
the liquefaction conversion has a higher thermal efficiency. In 
addition, the liquid fuel produced in liquefaction has a higher 
energy density than gaseous fuels and therefore is cheaper to trans- 
port and store. 

Converting coal to a liquid generally requires the addition of 
hydrogen. If the hydrogen content of the coal is increased by 2 to 
3 percent, mild liquefaction results. The heavy oil produced under 
mild liquefaction conditions can be used as feed to electric power 
boiler generators. If the hydrogen content of the coal is increased 
by 6 percent or more, light oils and gasoline are produced. If the 
liquefied coal is to be used as a boiler feed a heavy oil is pre- 
ferred because it is less costly to produce due to less hydrogen con- 
sumption (1) and it has a higher energy density ( 2 ) .  In addition 
the heavy oil product may be used as a low-sulfur utility fuel either 
directly or after further refinement by removal of the ash and 
unreacted coal. Its use would depend on the design of the furnace 
to be fired with the synthetic liquid fuel. 

Hydrogen is a very expensive raw material; therefore, liquefac- 
tion of coal using hydrogen directly would be a costly process. A 
way around this problem is to produce the hydrogen needed for the 
liquefaction of coal from less expensive raw materials. This can be 
accomplished using the water-gas shift reaction. In this reaction 
water and carbon monoxide react to form hydrogen and carbon dioxide 
and both starting materials, water and carbon monoxide, are inexpen- 
sive and readily available. 

The source of hydrogen used in liquefying the coal in the CO- 
steam process comes from the reaction of carhon monoxide and water 
to form hydrogen and carbon dioxide. The interaction of carbon 
monoxide and water with coal is not as simple as the interaction of 
pure hydrogen and coal (6). Carbon monoxide and water have been 
found to liquefy coal more completely than pure hydrogen as demon- 
strated by Appell, et al. ( 4 ) .  Not only does carbon monoxide and 
water liquefy the coal to a greater extent, but carbon monoxide is 
much cheaper and easier to obtain than hydrogen. In the future, one 
possible source of carbon monoxide would be from a synthesis gas. 

i 
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The purpose of t h i s  s t u d y  was t o  de te rmine  t h e  e f f e c t s  of two 
o p e r a t i n g  v a r i a b l e s ,  t empera tu re  and p r e s s u r e ,  on t h e  l i q u e f a c t i o n  
of a b i tuminous  c o a l  u s i n g  b a t c h  a u t o c l a v e  r e a c t o r s .  Reac t ion  t e m -  
p e r a t u r e s  were v a r i e d  from 375OC t o  475OC and i n i t i a l  carbon monox- 
i d e  p r e s s u r e s  w e r e  v a r i e d  f ro r .  400 p s i  t o  600  p s i .  F ixed  o p e r a t i n g  
v a r i a b l e s  w e r e :  s o l v e n t - t o - c o a l  r a t i o ,  wa te r - to -coa l  r a t io ,  r e a c t i o n  
t i m e ,  and s o l v e n t  t y p e .  The fo l lowing  a n a l y s e s  were performed on 
t h e  l i q u i d  p roduc t :  p e r c e n t  benzene i n s o l u b l e s ,  t o t a l  s u l f u r  ana ly-  
sis, k inemat i c  v i s c o s i t y ,  carbon hydrogen a n a l y s i s ,  s p e c i f i c  g r a v i t y ,  
r e a c t i o n  gas  a n a l y s i s ,  and h e a t i n g  v a l u e .  I n  a d d i t i o n ,  a n  o v e r a l l  
material ba lance  and s u l f u r  ba l ance  was performed.. 

CARBON MONOXIDE-STEAM LIQUEFACTION - LITEPATURE SURVEY 

The fo l lowing  i s  a summary of a l l  c u r r e n t l y  pub l i shed  work on 
t h e  CO-steam p r o c e s s .  

C e l l u l o s e  L i q u e f a c t i o n  

The Bureau of Mines (1) has  expe r imen ta l ly  conver ted  c e l l u l o s e ,  
p r imary  c o n s t i t u e n t  of o r g a n i c  s o l i d  was te ,  t o  a low s u l f u r  o i l .  :.law 
t y p e s  of c e l l u l o s i c  wastes have been conve r t ed  to o i l  by r e a c t i o n  
w i t h  carbon monoxide and wa te r  a t  t empera tu res  of 35OoC t o  4OO0C and 
p r e s s u r e s  nea r  4000 p s i g  i n  t h e  p re sence  of v a r i o u s  c a t a l y s t s  and 
s o l v e n t s .  C e l l u l o s e  conve r s ions  of  90 p e r c e n t  and b e t t e r  were 
o b t a i n e d .  

Sucrose  l i q u e f a c t i o n  w a s  a l s o  s t u d i e d  u s i n g  a con t inuous  r e a c t o r  
w i t h  maximum r e a c t i o n  c o n d i t i o n s  of 5OO0C and 5000 p s i g .  O i l  y i e l d s  
of  ove r  3 0  p e r c e n t  w e r e  o b t a i n e d .  T h i s  compares w i t h  o i l  y i e l d s  of 
40 t o  50 p e r c e n t  f o r  t h e  c e l l u l o s e  l i q u e f a c t i o n .  

Work was a l s o  done  by Yavorsky, e t  a l .  ( 2 )  u s i n g  t h e  C O - s t e a m  
p r o c e s s  t o  l i q u e f y  u rban  r e f u s e .  A con t inuous  r e a c t o r  w i t h  a f low 
c a p a c i t y  of 1 l b  p e r  hour w a s  used .  Sucrose  w a s  used t o  s e l e c t  t h e  
optimum c o n d i t i o n s  f o r  t h e  r e a c t i o n  of  r e f u s e .  R e s u l t s  from t h e  
s u c r o s e  runs  i n d i c a t e d  t h a t  conve r s ion  t o  o i l  was weakly dependent 
on  t o t a l  p r e s s u r e  and s t r o n g l y  t empera tu re  s e n s i t i v e  up t o  t h e  optimum 
a t  35OoC. 
s u c r o s e  were o b t a i n e d .  The u l t i m a t e  t h e o r e t i c a l  y i e l d  of o i l  i s  50 
p e r c e n t  because approx ima te ly  h a l f  t h e  ca rbohydra t e  m a t e r i a l  i s  
oxygen which canno t  be  conve r t ed  t o  o i l .  A p re l imina ry  c o s t  a n a l y s i s  
showed t h a t  a l a r g e  s c a l e  r e f u s e  conve r s ion  p l a n t  could  be economic- 
a l l y  o p e r a t e d .  

O i l  y i e l d s  of  23  p e r c e n t  f o r  ga rbage  up  t o  38 p e r c e n t  f o r  

E a r l y  CO-Steam Work 

I n  1 9 2 1  F i s h e r  ( 3 )  r e p o r t e d  u s i n g  carbon monoxide and wa te r  i n  
dehydrogenat ing  c o a l .  H e  reportec? h i g h e r  y i e l d s  of e t h e r - s o l u b l e  
m a t e r i a l  us ing  ca rbon  monoxide and wa te r  t han  w i t h  hydrogen a t  sinilar 
condi t ions .  Low overa l l  convers ion  a long  w i t h  s e v e r a l  o t h e r  problems 
caused  t h e  carbon monoxide p l u s  water approach  to  c o a l  hydrogenat ion  
t o  be ignored  a f t e r  1925. 
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L i g n i t e  L ique fac t ion  

Batch tests were conducted by Appe l l ,  e t  a l .  ( 4 , 5 , 6 , 7 )  u s i n g  a 
500 m l  rock ing  a u t o c l a v e  f i l l e d  w i t h  2 n o l e s  of  carbon monoxide, 
l i g n i t e  c o a l ,  w a t e r ,  and s o l v e n t .  The o b j e c t i v e  of t h e  work was t o  
c o n v e r t  l i g n i t e  t o  low s u l f u r  f u e l  o i l .  I t  was b e l i e v e ?  t h a t  
hydrogenat ion  of c o a l  u s i n g  carbon monoxide and water  proceeded v i a  
nascen t  hydrogen formed by t h e  water -gas  s h i f t  r e a c t i o n .  It  now 
appea r s  t h a t  carbon monoxide and wa te r  react w i t h  l i g n i t e  i n  a more 
complex manner and t h a t  a number of  f a c t o r s  are invo lved .  Carbon 
monoxide and steam ha2 h i q h e r  conve r s ion  l e v e l s  and r e a c t i o n  r a t e s  
t han  t h o s e  o b t a i n e d  u s i n g  hydrogen under  s i m i l a r  c o n d i t i o n s .  R e s u l t s  
a l s o  i n d i c a t e d  t h a t  bo th  carbon monoxide and w a t e r  must be p r e s e n t  
i f  good conve r s ions  a r e  t o  be o b t a i n e d ,  and t h a t  i n c r e a s i n g  t h e  
carbon monoxide p r e s s u r e  has  a g r e a t e r  e f f e c t  t h a n  i n c r e a s i n g  t h e  
steam p r e s s u r e .  These e f f e c t s  a r e  dependent on t h e  r a t i o  o f  carbon 
monoxide t o  wa te r .  Conversion of l i g n i t e  i n c r e a s e s  w i t h  i n c r e a s i n g  
amounts of  carbon monoxide and steam: however, t h e r e  w a s  an  optimum 
tempera ture .  Decreased conve r s ion  r e s u l t e d  a f t e r  t h e  t empera tu res  
were inc reased  p a s t  40OoC. 

and c a t a l y s t s .  S e v e r a l  l i g n i t e  tars and p i t c h e s  w e r e  used a s  sol-  
v e n t s  and a l l  gave good r e s u l t s  f o r  l i g n i t e  l i q u e f a c t i o n .  
of s o l v e n t  w a s  found more impor t an t  t h a n  t h e  amount. I n  the p res -  
ence  of a good s o l v e n t ,  it i s  p o s s i b l e  t o  reduce  t h e  o p e r a t i n g  p res -  
s u r e  and m a i n t a i n  a c c e p t a b l e  conve r s ions  (85-90%). H e t e r o c y c l i c  
amines were found t o  have a c a t a l y t i c  e f f e c t  when used  w i t h  carbon 
monoxide and water. The e f f e c t i v e n e s s  of t h e  h e t e r o c y c l i c  amines 
w a s  r e l a t e d  t o  t h e  i n c r e a s e d  b o i l i n g  p o i n t  of t h e  s o l v e n t .  

Appel l ,  e t  a l .  ( 8 )  a l s o  d i d  work u s i n g  d i f f e r e n t  s o l v e n t  t y p e s  

The type  

EXPERIMENTAL D E S I G N  

The o b j e c t  of t h i s  s tudy  was t o  de te rmine  t h e  e f f e c t s  of vary- 
i ng  r e a c t i o n  t empera tu re  and t h e  i n i t i a l  moles o f  carbon monoxide 
( p r e s s u r e )  on t h e  l i q u e f a c t i o n  of c o a l .  The c o a l  used i n  t h i s  s t u d y  

w a s  a b i tuminous  c o a l  from t h e  P i t t s b u r g h  number 8 seam, I r e l a n d  
Mine, i n  W e s t  V i r g i n i a .  A proximate  a n a l y s i s ,  u l t i m a t e  a n a l y s i s ,  and 
a s u l f u r  form d i s t r i b u t i o n  can b e  seen  i n  Table  1. The b i tuminous  
c o a l  was s e l e c t e d  because  of t h e  r e l a t i v e  d i f f i c u l t y  i n  l i q u e f y i n g  
it. Also, t h e  pr imary  t h r u s t  of p r e v i o u s  work was i n  l i q u e f y i n g  a 
l o w  rank  c o a l  such  a s  a l i g n i t e .  

375-475OC. 
i n  p rev ious  CO-steam work: however, it was though t  t h a t  more s e v e r e  
c o n d i t i o n s  w e r e  needed t o  conve r t  t h e  h igh  rank  b i tuminous  c o a l .  
F ive  t empera tu re  l e v e l s  were used i n  o r d e r  t o  o b t a i n  a d e f i n i t e  
t r e n d  i n  conve r s ion  a s  a f u n c t i o n  of t empera tu re .  

Reac t ion  t empera tu res  were examined a t  f i v e  l e v e l s  from 
These t empera tu res  a r e  somewhat h i g h e r  t h a n  t h o s e  used 

Two major c o s t  f a c t o r s  i n  l i q u e f y i n g  c o a l  are t h e  c a p i t a l  costs 
for h igh  p r e s s u r e  equipment and t h e  carbon monoxide cost .  The re fo re ,  
i f  compara t ive ly  l o w  o p e r a t i n g  p r e s s u r e s  y i e l d  a n  a c c e p t a b l e  
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Tab le  1. U l t i m a t e  a n d  Proximate  Analyses  of Coal Used. 

Coal:  IEI 
Source: West V i r g i n i a  
Rank: Bituminous 

Proximate  
A n a l y s i s  
% Mois tu re  
% Ash 
% V o l a t i l e  
% Fixed  Carbon 

U 1 t i m a  t e 
A n a l y s i s  
% Mois tu re  
8 Carboa 
% Hydrogen 
% Ni t rogen  
% C h l o r i n e  
% S u l f u r  
% Ash 
% Oxygen 

Hea t ing  Value (Btu) 
% T o t a l  S u l f u r  
% Organic  S u l f u r  
% S u l f a t e  S u l f u r  
% P y r i t i c  S u l f u r  

A s  
Received 

0.75 
12.99 
34.68 
51.58 

100.00 

0 .75  
61.09 

4.54 
0 .95  
0.05 
4.14 

12.99 
15.49 

100.00 

11 ,143  

- 

4.140 
3.157 
0.037 
0.946 

Dry 
E a s i s  - 
13.16 

39.94 
51.00 

100.00 

61.55 
4.57 
0.96 
0.05 
4.18 

13.16 
15.53 

100.00 

11,227 

- 
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convers ion  of c o a l  t o  o i l ,  c a p i t a l  inves tment  cou ld  h e  saved due 
t o  lower carbon monoxide consumption and u t i l i z a t i o n  of l o w e r  
p r e s s u r e  equipment. W i t h  t h i s  i n  mind, t h e  l o w  i n i t i a l  p r e s -  
s u r e s  of 4 0 0  t o  600  p s i g  of carbon monoxide were s e l e c t e d .  Another 
f a c t o r  i n  s e l e c t i n g  t h e  low i n i t i a l  p r e s s u r e s  of  carbon monoxide was 
t h e  p r e s s u r e  l i m i t a t i o n s  of t h e  equipment used .  The f i n a l  p r e s s u r e s  
i n  some c a s e s  could  exceed 3000 p s i g  and t h e  l i n i t  of  t h e  equipment 
is  approximate ly  11000 p s i g  a t  40O0C. 
600 p s i g  i n i t i a l  p r e s s u r e .  

I t  was dec ided  n o t  t o  exceed 

Fixed o p e r a t i n g  v a r i a b l e s  were a s  fo l lows :  
1) React ion  t i m e :  1 h r  
2 )  Water-to-coal w e i q k t  r a t i o :  1 . 5 : l  
3)  So lven t - to -coa l  weight r a t io :  3 : l  
4) Solven t  type :  Creoso te  o i l  

Deter r r ina t ion  of t h e  p e r c e n t  conve r s ion  o f  c o a l  to  l i q u i d  
product  was done w i t h  benzene i n  a Soxh le t  e x t r a c t o r .  The p e r c e n t  
convers ion  waslOO% less t h e  p e r c e n t  of i n s o l u b l e  r e s i d u e  remain ing  
a f t e r  benzene e x t r a c t i o n .  C a l c u l a t i o n s  were done on a n  a s h - f r e e  
b a s i s .  S u l f u r  a n a l y s i s  on t h e  l i q u i d  p roduc t  vas done t o  de te rmine  
t h e  p e r c e n t  d e s u l f u r i z a t i o n  of t h e  c o a l  and a l s o  i n  c o n j u n c t i o n  w i t h  
t h e  o f f - g a s  a n a l y s i s  a l lowed c a l c u l a t i o n  of  a s u l f u r  ba l ance .  
Carbon hydrogen a n a l y s i s  was done t o  de te rmine  t h e  carbon-hydrogen 
r a t i o  of t h e  l i q u e f i e d  c o a l  p roduc t  t o  de te rmine  t h e  approximate  
hy l rogena t ion  and chemica l  a l t e r a t i o n  of  t h e  c o a l  t h rough  p rocess ing .  

Table  2 shows t h e  r u n  numbers and t h e  co r re spond ing  r e a c t i o n  
c o n d i t i o n s .  Each v a r i a b l e  combinationwas t r i p l y  r e p l i c a t e d ,  r e s u l t i n 5  
i n  an  A ,  B ,  and C run  a t  each  r e a c t i o n  c o n d i t i o n .  A l l  expe r imen ta l  
runs  were performed i n  a random order, n o t  i n  t h e  o r d e r  l i s t e d  i n  
Table  2 .  

Table  2 .  Run c o n d i t i o n s .  

Run 
No. 
1 
2 
3 
4 
5 
6 
7 
0 
9 

10  
11 
12 
13 
14 
15 

Reactlon . 
Temperature 

(OC)  

375 
375 
3 75 
400 
400 
400 
425 
425 
425 
450 
450 
450 
475 
475 
475 

- 

Initial CO 
Pressure* 
(PSiR) 

400 
500 
600 
400 
500 
600 
400 
500 
600 
400 
500 
600 
400 
500 
600 

*At room t e n p e r a t c r e  
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EXPERIMEPJTAL PROCEDURE 

T h e  f o l l o w i n g  p r o c e d u r e s  a re  l i s t e d  i n  t h e  o r d e r  i n  which t h e y  

A l l  e x p e r i m e n t a l  r u n s  w e r e  performed i n  a random Order .  

were performed o n  each  i n d i v i d u a l  r u n  (see F i g u r e  1). 

Coal P r e p a r a t i o n  

1) Raw c o a l  from t h e  mine w a s  c rushed  and s c r e e n e d  and a l l  t h a t  which 
p a s s e d  through a 2 8  mesh s c r e e n  was r e t a i n e d .  

2 )  One large sample of - 2 8  mesh c o a l  w a s  t h e n  s p l i t  i n t o  1 6  e q u a l  
s i z e  samples  u s i n g  a J o n e s  sample s p l i t t e r .  T h i s  procedure  w a s  done 
t h r e e  t i m e s  i n  o r d e r  t o  make enough samples  f o r  a l l  t h e  r u n s  t o  b e  
c a r r i e d  o u t .  

3 )  Each sample was p l a c e d  i n  a b e a k e r  w i t h  a watch g l a s s  cover and 
u s e d  when needed. 

P r o c e s s i n g  

Reac t ion  of t h e  c o a l  proceeded as f o l l o w s :  

1) The empty r e a c t i o n  vessel  and head assembly were weighed. 

2 )  One hundred f i f t y  grams of  a n t h r a c e n e  o i l  s o l v e n t ,  75 g r a m  of 
d i s t i l l e d  water;and 50 grams of  coal  were weighed and added t o  t h e  
bomb. 

3 )  The r e a c t i o n  vessel  assembly w a s  reassembled and t h e n  reweighed t o  
d e t e r m i n e  t h e  amount o f  r e a c t a n t s  added. 

4 )  The assembled r e a c t i o n  assembly w a s  t h e n  i n s e r t e d  i n t o  t h e  h e a t i n g  
j a c k e t  and shaking  assembly .  The connec t ing  l i n e s  were  t h e n  a t t a c h e d  
and t h e  thermocouple  w a s  i n s e r t e d  i n t o  t h e  thermowell .  

5) The r e a c t i o n  vessel w a s  t h e n  purged t h r e e  t i m e s  by p r e s s u r i n g  t o  
500 psig w i t h  helium, t h e n  v e n t i n g  t o  a t m o s p h e r i c  p r e s s u r e .  On t h e  
t h i r d  p r e s s u r i z a t i o n  t h e  r e a c t i o n  assembly and connec t ing  l i n e s  were 
l e a k  t e s t e d  u s i n g  a water -soap  s o l u t i o n .  I f  there  w e r e  no l e a k s  t h e  
r e a c t i o n  vessel w a s  p r e s s u r i z e d  w i t h  carbon monoxide once  t o  500 p s i g ,  
t h e n  t o  the i n i t i a l  c a r b o n  monoxide p r e s s u r e  r e q u i r e d  f o r  t h a t  run .  
The system t e m p e r a t u r e  w a s  a l so  r e c o r d e d  i n  order t o  d e t e r m i n e  t h e  
w e i g h t  of CO added to t h e  r e a c t i o n  v e s s e l .  

6) The h e a t i n g  j a c k e t  and shaker  assembly were both t u r n e d  on and t h e  
t e m p e r a t u r e  c o n t r o l l e r  fo r  t h e  h e a t i n g  j a c k e t  s e t  a t  r e a c t i o n  t e m -  
p e r a t u r e ,  

7 )  When t h e  sys tem r e a c h e d  r e a c t i o n  t e m p e r a t u r e  t h e  t o t a l  p r e s s u r e  
w a s  taken .  (Three  r u n s  were done a t  t h e  same c o n d i t i o n s ,  o n l y  on 
t h e  t h i r d  r u n  t he  p r e s s u r e  w a s  n o t  checked so no g a s  i s  l o s t .  T h i s  
w a s  done so t h a t  an  a c c u r a t e  o v e r a l l  m a t e r i a l  b a l a n c e  could  be 
o b t a i n e d .  ) 
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8 )  The system w a s  a l lowed t o  r e a c t  f o r  one  hour  a t  which t i m e  b o t h  
t h e  shaker  and t h e  h e a t e r  were swi tched  o f f ,  t h e  c o n n e c t i n g  l i n e  t o  
t h e  v e s s e l  w a s  removed and  t h e  r e a c t i o n  vessel assembly was removed 
from t h e  h e a t i n g  j a c k e t .  The r e a c t i o n  v e s s e l  w a s  t h e n  p l a c e d  i n  
f r o n t  of a f a n  and cooled  t o  room tempera ture .  T h i s  caused  t h e  t e m -  
p e r a t u r e  i n s i d e  t h e  bomb t o  d e c r e a s e  r a p i d l y ,  t h u s  quenching t h e  
r e a c t i o n .  

9) Khen t h e  r e a c t i o n  v e s s e l  had c o o l e d  t o  room t e m p e r a t u r e  t h e  r e a c -  
t i o n  vessel assembly w a s  t h e n  weighed and c a r r i e d  t o  t h e  g a s  a n a l y s i s  
system. 

10) A f t e r  comple t ion  of t h e  g a s  a n a l y s i s ,  t h e  r e a c t i o n  v e s s e l  was 
opened and t h e  l i q u i d  p r o d u c t  poured o u t  i n t o  a beaker .  I n  o r d e r  
t o  remove a l l  t h e  l i q u i d  p r o d u c t  t h e  i n s i d e  of t h e  r e a c t i o n  v e s s e l  
w a s  washed w i t h  a c e t o n e .  The a c e t o n e  wash w a s  t h e n  poured  i n  w i t h  
t h e  l i q u i d  p r o d u c t .  T h i s  m i x t u r e  w a s  t h e n  p l a c e d  i n  a n  oven a t  
approximate ly  5OoC u n t i l  a l l  t h e  a c e t o n e  w a s  v a p o r i z e d .  W e  beaker  w a s  
t h e n  weighed t o  d e t e r m i n e  t h e  amount of  l i q u i d  p r o d u c t  r e c o v e r e d .  

FQU I PMENT 

Two reactor systems of  t h e  b a t c h  a u t o c l a v e  g e n e r i c  t y p e  w e r e  
used i n  t h i s  s t u d y .  A g a s  d e l i v e r y  sys tem,  a r e a c t i o n  v e s s e l ,  and 
a shaking  assembly w e r e  t h e  f u n c t i o n a l  p a r t s  of  t h e  reactor systems.  
The r e a c t i o n  vessels w e r e  manufactured by t h e  American I n s t r u m e n t  
Company (AMINCO) o f  S i l v e r  S p r i n g ,  Maryland, and were from t h e  
4 3/8-in. series. Both r e a c t i o n  v e s s e l s  had i n s i d e  d e p t h s  o f  1 0  i n . ,  
i n s i d e  diam. of 3 5/16 i n . ,  and approximate  w e i g h t s  o f  50  l b s .  The 
vessels were f a b r i c a t e d  from AIS1 347 s t a i n l e s s  s tee l .  The vessels 
had a working p r e s s u r e  r a t i n g  of  5 ,050  p s i  a t  100°F and  ha? an  
e f f e c t i v e  volume of 1 4 1 0  m l .  Two s h a k i n g  a s s e m b l i e s  w e r e  used  i n  
t h e  reactor system. The shaking  a s s e m b l i e s  w e r e  s t a n d a r d  Pminco 
4 3/8-in. series and c o n s i s t e d  of  a 3,000-watt ,  208-vol t  h e a t i n g  
j a c k e t  mounted on a r o c k e r  assemhly.  The r o c k e r s  f o r  t h e  shaking  
assemblies w e r e  a c t u a t e d  by 1/3-hp, 110-vol t  motors d r i v i n g  e c c e n t r i c  
levers  connected t o  t h e  h e a t i n g  j a c k e t s .  The h e a t i n g  j a c k e t  had 
t h e  c a p a c i t y  t o  h e a t  from room t e n p e r a t u r e  t o  400°C i n  approximate ly  
1 1 / 2  hr .  Aminco 30,000 p s i  valves and f i t t i n g s  w e r e  u s e d  t o  regu-  
l a t e  t h e  i n l e t  and e x i t  o f  t h e  r e a c t i o n  g a s e s  from e a c h  r e a c t i o n  
vessel. One reactor system w a s  equipped w i t h  0 t o  3,000 p r e s s u r e  
gauge. The o t h e r  had a 0-5,000 p s i  p r e s s u r e  gauge. Tubing u s e d  on 
t h e  shaking a s s e m b l i e s  w a s  3 0 4  s t a i n l e s s  s t ee l ,  l /d - in .  o .d . ,  and 
r a t e d  f o r  o p e r a t i o n  a t  1 0 0 , 0 0 0  p s i  a t  100°F. 

Leeds and Nor thrup  Electromax I11 c o n t r o l l e r s ,  w i t h  Model 1 1 9 0 6  
SCR f i n a l  c o n t r o l  e lements  were u s e d  f o r  t e m p e r a t u r e  c o n t r o l .  Tem- 
p e r a t u r e s  w e r e  r e c o r d e d  on a Honeywell E l e c t r o n i k  I11 two-channel 
cont inuous  r e c o r d e r .  The t e m p e r a t u r e  s e n s o r s  w e r e  chromel-alumel 
thermocouples .  
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Both shaking  assemblies w e r e  connec ted  t o  purg ing-charg ing  g a s  
d e l i v e r y  s y s t e n s .  Each o f  t h e s e  sys tems c o n s i s t e d  of a hel ium 
c y l i n d e r ,  a carbon-monoxide gas c y l i n d e r ,  p r e s s u r e  r e g u l a t o r s  f o r  
each  c y l i n d e r ,  and A m i n c o  s t a i n l e s s  s teel  t u b i n g  and f i t t i n g s  s i m -  
i l a r  t o  t h o s e  u s e d  on t h e  s h a k i n g  a s s e n b l i e s .  

To a n a l y z e  €or t h e  t o t a l  s u l f u r  c o n t e n t  of t h e  l i q u i d  coal, t h e  
Leco i n d u c t i o n  f u r n a c e  t e c h n i q u e  was used.  A gas p u r i f j - c a t i o n  t r a i n ,  
a n  i n d u c t i o n  f u r n a c e  and a semi-automatic  t i t r a t o r  u n i t  w e r e  t h e  t h r e e  
components of t h e  a n a l y s i s  system. The g a s  p u r i f y i n g  t r a i n  c o n t a i n e d  
a n  a c i d  tower, a d r y  r e a g e n t  tower, and a r o t a m e t e r ,  and was used t o  
measure and s c r u b  any r e s i d u a l  s u l f u r  from t h e  e n t e r i n g  oxygen. The 
i n d u c t i o n  furnace  w a s  a Ieco model 521, equipped  w i t h  t h e  "L" modi f i -  
c a t i o n  on t h e  combust ion chamber. A s p e c i a l  f e a t u r e  o f  t h e  "L" modi- 
f i c a t i o n  was t h e  i n c l u s i o n  of a h i g h  t e m p e r a t u r e  i g n i t e r  i n  t h e  combus- 
t i o n  chamber. The e x h a u s t  qas 'es from t h e  i n d u c t i o n  f u r n a c e  combustion 
chamber were s e n t  t h r o u g h  a n  e l e c t r i c a l l y  h e a t e d  g l a s s  d e l i v e r y  t u b e  
and i n t o  t h e  Leco semi-automatic  t i t r a t o r  model 518. The semi-automa- 
t i c  t i t r a t o r  used a n  i d i o m e t r i c  r e a c t i o n  w i t h  a c o l o r  change e n d p o i n t  
t o  a n a l y z e  t h e  combust ion g a s e s .  The r e p o r t e d  accuracy  o f  t h e  tes t  i s  
+ O  .01  weight  p e r c e n t  s u l f u r .  The Leco i n d u c t i o n  f u r n a c e  t e c h n i q u e  
used w a s  ASTI4 D1552-64 (American S o c i e t y  f o r  T e s t i n g  an6 Kater ia ls ,  
1968, pp. 377-383) .  

A n a l y s i s  of  t h e  r e a c t i o n  p r o d u c t  g a s  w a s  accomplished by g a s  
chromatography. T h e  gas chromatograph w a s  f i t t e d  w i t h  a n  e x t e r n a l  
valve oven, t w o  e i g h t - f o o t  Porapak Q columns, and one s i x - f o o t  
molecular  sieve column i n  a series by-pass  arrangement .  The columns 
w e r e  h e a t e d  t o  170OC. The chromatograph w a s  s u p p l i e d  w i t h  a hel ium 
carrier gas .  A h e a t e d  t h e r m a l  c o n d u c t i v i t y  d e t e c t o r  was used.  The 
f o l l o w i n g  components c o u l d  b e  q u a n t i t a t i v e l y  determined:  

1) co 

3 )  CH4 

5 )  C3H8 
6 )  i-CqH10 
7 )  n-CqH10 
8 )  H2S 
9) cos 
The hydrogen c o m p o s i t i o n  w a s  de te rmined  i n d i r e c t l y  u s i n g  t h e  

2 )  c02 

4 )  C2H6 

a v e r a g e  molecular  w e i g h t  and t h e  hydrogen f r e e  gas composi t ion  of  
t h e  r e a c t i o n  g a s e s .  The accuracy  of  t h e  r e p o r t e d  q a s  weight  per -  
c e n t s  are f 2 . 5  p e r c e n t .  C a l i b r a t i o n  o f  t h e  g a s  chromatograph w a s  
accomplished by d e t e r m i n i n g  a n  a v e r a g e  r e s p o n s e  f a c t o r  fo r  p u r e  
components r e l a t ive  t o  n i t r o g e n ,  and a n  a v e r a g e  r e t e n t i o n  t i m e  f o r  
each component w a s  e s t a b l i s h e d .  
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I' I 

RESULTS 

P e r c e n t  Conversion of Coal  t o  T iqu id  

The r e s u l t s  of  t h e  S o x h l e t  e x t r a c t i o n s  are summarized i n  F i g u r e  
2.  One d e f i n i t e  t r e n d  shown by t h e  d a t a  i s  t h a t  h i g h e r  t empera tu res  
f a v o r  t h e  l i q u e f a c t i o n  of c o a l .  The carbon monoxide p r e s s u r e  e f f e c t s  
a r e  n o t  a s  obvious.  However, a t r e n d  can b e  seen  if t h e  h i g h e s t  and 
lowes t  p r e s s u r e  l e v e l  are compared. A t  a l l  b u t  t h e  lowest tempera- 
t u r e  i n v e s t i g a t e d  (375%) t h e  600 p s i  conve r s ion  i s o b a r  was above 
t h e  4 0 0  p s i  conve r s ion  i s o b a r .  T h i s  s u g q e s t s  t h a t  h i g h e r  i n i t i a l  
p r e s s u r e s  of carbon monoxide enhance t h e  l i q u e f a c t i o n  of c o a l ,  which 
a g r e e s  wi th  r e s u l t s  from t h e  Bureau of Mines r e s e a r c h  ( 5 ) .  Appell  
and Wender found t h a t  a n  i n c r e a s e  of i n i t i a l  carbon monoxide p r e s s u r e  
from 500 p s i  t o  1100 p s i  r e s u l t s  i n  a n  i n c r e a s e  i n  conve r s ion  from 
approximately 40% t o  70%, f o r  a bi tuminous c o a l .  Reac t ion  tempera- 
t u r e s  and r e a c t i o n  t i m e s  f o r  t h e  Bureau of Mines s t u d y  w e r e  425OC 
and 2 hours ,  r e s p e c t i v e l y .  A 6 i f f e r e n t  s o l v e n t  t y p e ,  s o l v e n t - t o - c o a l  
ra t io ,  and water- to-coal  r a t i o  were used  so t h e  Cureau o f  Mines 
r e s u l t s  canno t  b e  d i r e c t l y  compared w i t h  t h e  r e s u l t s  r e p o r t e d  h e r e .  
However, t h e  c o n v e r s i o n s  found i n  t h i s  s t u d y  were h i g h e r  t han  con- 
v e r s i o n s  of a bi tuminous c o a l  r e p o r t e d  by t h e  Bureau of Mines. When 
a l l  t h r e e  i s o b a r s  are p l o t t e d  ( F i g u r e  2 )  no p r e s s u r e  t r e n d  seems 
a p p a r e n t .  The 500 p s i  i s o b a r  crosses b o t h  t h e  400 p s i  and t h e  6 0 0  
p s i  i s o b a r s .  T h i s  s u g g e s t s  t h a t  t h e  p r e s s u r e  l e v e l s  chosen w e r e  t o o  
c l o s e  t o g e t h e r  f o r  any t r e n d  t o  b e  observed.  

conve r s ion  of t h e  coal. The data was s c a t t e r e d ,  however t h e  t r e n d  
shows t h a t  i n c r e a s i n g  t h e  hydrogen p a r t i a l  p r e s s u r e  i n c r e a s e s  t h e  
c o a l  conversion.  The r e a c t i o n  g a s  a n a l y s i s  w a s  used t o  de te rmine  
hydrogen p a r t i a l  p r e s s u r e s .  

One problem i n  t h e  a n a l y s i s  of t h e  l i q u e f i e d  c o a l  was t h e  
inaccuracy  i n  t h e  S o x h l e t  e x t r a c t i o n  p rocedure .  
were done and t h e  error i n  t h e  S o x h l e t  e x t r a c t i o n s  ranged between 2 
t o  1 5  p e r c e n t .  

acy of k2.5OC and 210  p s i  r e s p e c t i v e l y .  

S u l f u r  Balances 

F i g u r e  3 shows t h e  e f f e c t  of hydrogen p a r t i a l  p r e s s u r e  on t h e  

R e p e a t a b i l i t y  t es t s  

The t empera tu re  and p r e s s u r e  r e a d i n g s  r e p o r t e d  have a n  accu r -  

A t a b u l a r  comparison of t h e  s u l f u r  b a l a n c e s  f o r  a l l  t h e  c r u n s  
i s  shown i n  Table  3. 
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Tab le  3. S u l f u r  Balance ( a l l  we igh t s  i n  g rams) .  

S u l f u r  Out S u l f u r  
Run S u l f u r  I n  (Reac t ion  S u l f u r  Out Out % 

T o t a l  G a s )  (L iq .  Coal )  T o t a l  D i f f e r e n c e  E r r o r  
2.7 1 . 0  2.0 3 .0  +0.3 11.1 
2.8 1 . 3  1.9 3 .2  +0.4 1 4 . 2  
2.7 1 . 0  2.0 3.0 +0.3 11.1 3c 

4c 2.7 1.4 1.8 3.2 +0.5 18 .5  
5c 2.7 0 . 4  1 .9  2 .3  - 0 . 4  14.8 
6C 2.8 1 . 3  1.7 3.0 +0.2 7 .1  
7c  2.7 2.2 1 .7  3.9 +l. 2 4 4 . 4  
8C 2.7 1 . 6  1 .5  3 . 1  +0.4 14.8 
9c 2.7 1 . 3  1 . 7  3.0 +0.3 11.1 

10 c 2.7 1 . 5  1.5 3.0 +0.3 11.1 

11c 2.7 2.0 1 . 4  3 .4  +n.7 10 .3  
12c 2.7 1 . 6  1 .5  3 . 1  +0.4 14 .8  

1 4 C  2.7 1 .6  1.1 2.7 0 . 0  0 .0  
15C 2.7 1 .6  1.1 2.7 0 . 0  0 .0  

;: 

13C 2.7 1 .7  1 . 0  2.7 0 . 0  0 . 0  

The l a r g e s t  s o u r c e  f o r  e r r o r  i n  t h e  s u l f u r  ba l ance  c a l c u l a t i o n s  
w a s  t h e  d e t e r m i n a t i o n  of  t h e  p e r c e n t  s u l f u r  i n  t h e  r e a c t i o n  gas .  
The de te rmina t ion  of  t h e  s u l f u r  c o n t e n t  i n  t h e  r e a c t i o n  gas was done 
us ing  a gas  chromatograph.  The s u l f u r  p e r c e n t a g e s  can  have e r r o r s  
up to  4.5 p e r c e n t .  

The e r r o r  i n  t h e  s u l f u r  ba l ances  range  from 0 .0  t o  4 4  pe rcen t .  
The average  e r r o r  was approximate ly  10 t o  15  p e r c e n t  w i th  more 
a p p a r e n t  s u l f u r  b e i n g  accounted  f o r  i n  t h e  p roduc t s  t han  i n  t h e  
combined feed.  Th i s  s u g g e s t s  t h a t  t h e  s u l f u r  a n a l y s i s  on t h e  r a w  
c o a l  o r  t h e  c r e o s o t e  o i l  w a s  low o r  t h e  p e r c e n t  s u l f u r  i n  e i t h e r  
t h e  r e a c t i o n  gas  or l i q u i d  c o a l  was c o n s i s t e n t l y  h igh .  Desp i t e  t h e  
aforementioned problems t h e  r e s u l t s  from bo th  t h e  s u l f u r  ba l ance  
and t h e  o v e r a l l  m a t e r i a l  ba l ance  a r e  encouraging .  

S u l f u r  Removal 

Total  s u l f u r  a n a l y s e s  on t h e  l i q u i d  c o a l  and s o l v e n t  mix tu re  
a r e  shown i n  F i g u r e  4. The p o i n t s  p l o t t e d  i n  F i g u r e  4 w e r e  found 
from t h e  average  o f  t h e  t h r e e  runs  a t  t h e  same t empera tu re  and p res -  
s u r e .  I n c r e a s e s  i n  r e a c t i o n  t empera tu re  and carhon monoxide p res -  
sure dec rease  t h e  amount o f  s u l f u r  i n  t h e  l i q u i d  p roduc t .  The on ly  
d e v i a t i o n  from t h i s  g e n e r a l  t r e n d  o c c u r s  a t  375OC and 4OO0C a t  an 
i n i t i a l  carbon monoxide p r e s s u r e  o f  400 p s i .  A t  b o t h  t h e s e  tempera- 
t u r e s  t h e  lowes t  carbon monoxide p r e s s u r e  had be t t e r  d e s u l f u r i z a t i o n  
t h a n  t h e  h ighe r  p r e s s u r e s .  

Fol lowing i s  a p o s s i b l e  exp lana t ion  of  t h e  c r o s s i n g  o f  t h e  
d e s u l f u r i z a t i o n  i s o b a r s  i n  F igu re  4 .  S e v e r a l  c o n s i d e r a t i o n s  a r e  
l i s t e d  below: 

1 
/ 

1 

1 

i 

a 
1 
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Y 

1) Higher reaction pressures were obtained by charging more carbon 
monoxide to the reactor. Since the amount of water charged is 
fixed,a higher carbon monoxide-to-water ratio increases the yield 
of hydrogen produced from the shift reaction. 

2) Higher temperature increases the reaction rates for both the 
hydrogen desulfurization reaction and the shift conversion reaction. 

3 )  However, the thermodynamic yields of H2S and H2 from the desul- 
furization reaction and the shift conversion reaction are greater 
at lower temperatures. 

4 )  Partial desulfurization of coal occurs by devolatilization of 
the coal. More devolatilization occurs at lower system pressures. 

Items 1 and 2 indicate that greater desulfurization occurs at 
higher temperature and pressure. However, item 3 indicates low tem- 
peratures are more favorable to desulfurization, and item 4 indicates 
an advantage for low pressures. These considerations offer a par- 
tial explanation for the reversal of pressure effects at lower tem- 
peratures and the flat temperature response at the lower tempera- 
tures investigated. 

hydrogen partial pressures. This coincides with the higher tem- 
peratures investigated, and suggests that the shift reaction was 
going more to completion at higher temperatures as indicated in item 
2.  

Figure 5 shows that the best desulfurization occurs at higher 

The temperature effects on desulfurization are much more appar- 
ent. An increase in reaction temperature of lOOoC approximately 
doubles the desulfurization of the coal. 

The error in the Leco procedure for determining the total sul- 
fur in the coal product is kO.01 percent, which is not significant 
in comparison with the total sulfur percentages in the oil of 0.6 to 
1.0 percent. 

Actual desulfurization of the coal ranged from 23 to 57 percent. 
Desulfurization results on the same coal using hydrogen at similar 
reacti n conditions were reported to be 77 percent desulfurization 
at 400 C (9). Approximately 25 percent of the sulfur w a s  removed 
using the CO-steam process at the same reaction temperatures. Appar- 
ently pure hydrogen gives much better desulfurization than carbon 
monoxide and water. Better desulfurization with hydrogen should be 
expected since there is more hydrogen in the gas phase present to 
react with the sulfur. 

8 

The primary desulfurization reaction that is favored by chem- 
ical equilibrium is reaction of sulfide sulfur i n  the coal 
with hydrogen gas. The reaction is: 

RSR(I1) + 2H2(g) + 2RH(g) + H2S(g) 
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A p l o t  of  c o a l  d e s u l f u r i z a t i o n  v e r s u s  hydrogen p a r t i a l  p r e s s u r e  and 
r e a c t i o n  t e m p e r a t u r e  w a s  made t o  de termine  t h e  e f f e c t s  o f  each  on 
d e s u l f u r i z a t i o n .  The plots are shown i n  F i g u r e s  5 and 6.  Two con- 
c l u s i o n s  can be made from t h e s e  p l o t s .  One, d e s u l f u r i z a t i o n  
i n c r e a s e s  w i t h  a n  i n c r e a s e  i n  hydrogen p a r t i a l  p r e s s u r e ,  and desul -  
f u r i z a t i o n  i n c r e a s e s  w i t h  an i n c r e a s e  i n  r e a c t i o n  tempera ture .  The 
hydrogen p a r t i a l  p r e s s u r e  h a s  t o  be i n c r e a s e d  by 3 t i m e s  t o  double  
t h e  d e s u l f u r i z a t i o n ,  however, and i n c r e a s e  o f  2 5  p e r c e n t  i n  t h e  
r e a c t i o n  t e m p e r a t u r e  d o u b l e s  t h e  d e s u l f u r i z a t i o n .  It  t h e r e f o r e  
a p p e a r s  t h a t  r e a c t i o n  t e m p e r a t u r e  h a s  a s t r o n g e r  e f f e c t  on d e s u l -  
f u r i z a t i o n  t h a n  d o e s  hydrogen p a r t i a l  p r e s s u r e .  

I t  must b e  n o t e d  t h a t  the  e x p e r i m e n t a l  runs  w e r e  done i n  
b a t c h  r e a c t o r s .  A s  a r e s u l t  the  d e s u l f u r i z a t i o n  i s  l i m i t e d  by 
e q u i l i b r i u m  and t h e r e f o r e ,  t h e  d e s u l f u r i z a t i o n  o b t a i n e d  may n o t  he 
t h e  m a x i m u m  a t t a i n a b l e  under the  r e a c t i o n  c o n d i t i o n s  s t u d i e d .  

Carbon-Hydrogen R a t i o  o f  Coal  Liquid  

There a p p e a r s  t o  b e  no d i s c e r n i b l e  t r e n d  i n  t h e s e  r e s u l t s .  The C/H 
r a t i o s  ranged from 14 .5  t o  15.8 w i t h  a s t a n d a r d  d e v i a t i o n  of  0.32. 

Tabular  v a l u e s  o f  t h e  C/H weight  r a t i o  are shown i n  Table  4 .  

The carbon hydrogen  r a t i o  of t h e  r a w  coal and t h e  r a w  s o l v e n t  
i s  13.45 and 1 5 . 3 1  r e s p e c t i v e l y .  The carbon hydrogen r a t i o  o f  t h e  
raw coal  p l u s  s o l v e n t  s l u r r y  i s  14.85. The a v e r a g e  carbon hydrogen 
r a t i o  of t h e  m i x t u r e  a f t e r  t r e a t i n g  w a s  14.97.  T h e r e f o r e , ,  it appears  
t h a t  l i t t l e  h y d r o g e n a t i o n  of  t h e  c o a l  and s o l v e n t  occur red .  

r a b l e  4. Carbon-Hydrogen Ra t ios  of L i q u i d  C o a l  Product .  
~~ 

iun 
Jo. 
1 
1 
1 
2 
2 
2 
3 
3 
3 
4 
4 
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5 
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- C/H 
14 .7  
14 .8  
14.6 
14.9 
1 4 . 8  
14 .8  
15 .0  
14 .5  
14.9 
14.9 
1 4 . 7  
15.3 
14.9 
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14.9 
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14.6 
14.8 
15.1 
15.1 
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14.9 
14.8 
14 .8  
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9 
9 
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10 
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1 3  
1 3  
1 3  
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15  
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14.7 
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15.0 
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15.5 
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15 .3  
15 .3  
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15 .3  
15 .3  
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F i n a l  Reaction P r e s s u r e s  

Reaction p r e s s u r e s  were n o t  t aken  on  the (3 runs so tha t  an 
a c c u r a t e  m a t e r i a l  ba l ance  cou ld  be c a l c u l a t e d .  A p l o t  of  r e a c t i o n  
p r e s s u r e s  i s  shown i n  Fiq. 7. 

Reaction p r e s s u r e s  i n c r e a s e d  wi th  i n c r e a s e d  r e a c t i o n  tempera- 
t u r e  and w i t h  i n c r e a s e d  i n i t i a l  carbon monoxide p r e s s u r e .  The 
i n c r e a s e  was n o t  l i n e a r  b u t  s l i g h t l y  exponen t i a l .  The h i g h e s t  
r e a c t i o n  p r e s s u r e  encoun te red  was 3540 p s i g  a t  475OC and an i n i t i a l  
carhon monoxide p r e s s u r e  of 600 p s i g .  

V i s c o s i t y  of  t h e  L iqu id  Coal 

V i s c o s i t i e s  ranged  from 39 SSU t o  77 SSU. L iqu id  viscosi- 
t i e s  a r e  shown i n  Table  5. P roduc t  v i s c o s i t y  d e c r e a s e d  w i t h  an 
i n c r e a s e  i n  b o t h  t empera tu re  and p r e s s u r e  w i t h  r e a c t i o n  t empera tu re  
having  a g r e a t e r  e f f e c t  on t h e  p roduc t  v i s c o s i t y  than  r e a c t i o n  p r e s -  
s u r e .  A t  t h e  l o w e s t  r e a c t i o n  t empera tu re  t h e  p r e s s u r e  e f f e c t  w a s  
r eve r sed .  The h i g h e r  r e a c t i o n  p r e s s u r e s  and t empera tu res  c racked  
t h e  c o a l  molecules  t o  a g r e a t e r  e x t e n t  making t h e  l i q u i d  p roduc t  
less v i scous .  

I t  must be noted  t h a t  t h e  v i s c o s i t i e s  w e r e  t aken  of  t h e  mixture  
of bo th  t r e a t e d  c o a l  and s o l v e n t  w i t h  t h e  un reac ted  c o a l  b e i n g  
s e p a r a t e d  b e f o r e  a n a l y s i s .  S e v e r a l  samples w e r e  ana lyzed  tw ice  t o  
check t h e  r e s u l t s .  A maximum v a r i a t i o n  o f  2 S a y b o l t  s econds ,  or 
approximate ly  3 p e r c e n t  error, was found. 

Kinematic V i s c o s i t y  of  L iqu id  Coal a t  210°F. ITable 5. 

i 

I SSU (sec) Kinematic V i s c o s i t v  
Run N o .  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
1 3  
1 4  
15  

1 
68 
71  
1 4  
7 7  
7 2  
61 
63 
60 
50 
55 
4 7  
4 4  
45 
45 
39 

- 2 
67 

76 

1 3  

62 

- 

55 

4 4  

4 0  

1 
12.7 
13 .4  
1 4 . 2  
14.9 
13.7 
10.9 
1 1 . 4  
10.6 

7.9 
9.3 
7 . 1  
6 . 2  
6.5 
6.5 
4.7 

- (est.) - 2 

14.7 

13.9 

1 1 . 2  

9.3 

6 . 2  

5.0 
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Heat ing  Values of L i q u i d  Coal 

Heat ing  v a l u e s  w e r e  determined on t h e  mix tu re  of l i q u i d  c o a l  
and s o l v e n t  a f t e r  t r e a t i n g .  The h e a t i n g  v a l u e s  are shown i n  Tab le  6. 
The u n t r e a t e d  mix tu re  of  c o a l  and s o l v e n t  had a h e a t i n g  va lue  of  
15,388 BTU/lb.  A f t e r  t r e a t i n g  t h e  h e a t i n g  v a l u e s  of  t h e  mix tu re  
ranged from 16,873 B T U / l b  t o  17,818 BTU/lb. The re fo re ,  t h e  h e a t i n g  
v a l u e s  were i n c r e a s e d  approximate ly  1 0  p e r c e n t  t h rough  t r e a t i n g .  

Table  6. L i q u i d  Coal and So lven t  Mixture  Heat ing  Values.  

Heating Values  
Run No. BTU/lb 

1 A  
2A 
3A 
4A 
5A 
6A 
7A 
8A 
9A 

1 0 A  
1 1 A  
1 2 A  
13A 
l 4 A  
1 5 A  

Creosote o i l  
Coal (Dry) 

16,922 
17,045 

16,902 
17,157 
17.090 

16,889 

l7;1?8 
17,320 
16,873 
17,818 
16,994 
17,269 
17,278 
17,294 
17,407 
16,775 
11,227 

CONCLUSIONS 

The fo l lowing  c o n c l u s i o n s  can  be made from t h i s  s t u d y .  

1) Conversion of  c o a l  t o  l i q u i d  i n c r e a s e s  w i t h  an  i n c r e a s e  i n  r e a c -  
t i o n  t empera tu re  o v e r  t h e  range  of 375OC t o  475OC. However, t h e  
t o t a l  system p r e s s u r e ,  o v e r  t h e  range  of 2 3 0 0  p s i g  t o  3500 p s i g ,  
does  n o t  appear  t o  have  any  d e f i n i t e  e f f e c t  on c o a l  conve r s ion .  

2 )  Conversion of b i tuminous  c o a l  t o  l i q u i d  was b e t t e r  t h a n  con- 
v e r s i o n s  r e p o r t e d  i n  p r e v i o u s  s t u d i e s  a t  t h e  same r e a c t i o n  c o n d i t i o n s .  

3 )  D e s u l f u r i z a t i o n  i n c r e a s e s  wi th  an i n c r e a s e  i n  r e a c t i o n  tempera- 
t u r e  o v e r  t he  range  of  375OC t o  475OC. 
on coal d e s u l f u r i z a t i o n  w e r e  n o t  a p p a r e n t  from t h i s  s tudy .  

4 )  D e s u l f u r i z a t i o n  r e s u l t s  found ir. t h i s  s t u d y  u s i n g  t h e  C O - s t e a r  
p r o c e s s  were n o t  a s  good as t h e  d e s u l f u r i z a t i o n  p o t e n t i a l l y  a t t a i n -  
a b l e  u s i n g  pure  hydrogen. 

5) D e s u l f u r i z a t i o n  i n c r e a s e s  w i t h  an i n c r e a s e  i n  hydrogen p a r t i a l  
p r e s s u r e  from 1 0 0  p s i a  t o  800 p s i a .  

Again, t h e  p r e s s u r e  e f f e c t s  

, 

/ 
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6 )  
temperature and pressure  range s tudied  w a s  57 percent.  

7) 
temperature over t he  range studied. 

8) 
appreciably through processing i n  t he  temperature and p r e s w r e  ranges  studied. 

9) 
r eac t ion  temperature and reac t ion  pressures  over t h e  range studied. 

Maximurn desul fur iza t ion  a t t a ined  with the  CO-steam process  i n  t h e  

Reaction pressures increase  exponentially with increases  i n  r e a c t i o n  

The carbon-hydrogen r a t i o  of t he  coa l  and so lvent  mixture did n o t  cb-e 

Liquid coa l  and so lvent  v i s c o s i t i e s  decrease with inc reases  i n  both 
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Simplified Process Flow Diagram, CO-Steam Liquefaction 
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Figure 2. Weight Percent Conversion of Solid Coal to Liquid Coal. 
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CATALYTIC COAL LIQUEFACTION USING SYNTHESIS GAS 

3’ 

’ 

Yuan C.  Fu and Eugene G. I l l i g  

Pittsburgh Energy Research Center, U. S. Department of the I n t e r i o r ,  
Bureau of Wines, 4800 Forbes Avenue, Pi t tsburgh,  Pennsylvania 15213 

INTRODUCTION 

Recent energy shortages and environmental problems underline the g r e a t  importance 
of desulfur iz ing coa l  to produce low-sulfur f u e l s .  Effor ts  a r e  i n  progress i n  
many organizations to  develop c a t a l y t i c  hydrogenation processes f o r  producing 
l iquid fuel  from coal .  Unfortunately, most hydrogenation processes require  
enormous amounts of expensive hydrogen and some Signif icant  breakthrough is needed 
before an economical process can be real ized.  
reduce the high c o s t  of hydrogen. 
gas a s  the process gas to  achieve equal or b e t t e r  r e s u l t s .  

There have been some attempts t o  use carbon monoxide o r  carbon monoxide-containing 
gas fo r  liquefying l i g n i t e  (L), hydrotreating hydrocarbonaceous l iqu ids  (z), and 
desulfur iz ing heavy l iqu id  hydrocarbon (2). The process of l iquefying l i g n i t e  with 
carbon manoxide and water does not  work well on bituminous c o a l s ,  and does not 
desulfur ize  coal  very e f fec t ive ly .  
l iquid hydrocarbons appears t o  proceed well with carbon monoxide o r  carbon manoxide- 
containing gas i n  the presence of steam and an ac t ive  metal c a t a l y s t .  We have a l s o  
reported that organic wastes have been hydrotreated with synthesis  gas and cobal t  
malybdate-sodium carbonate c a t a l y s t  and converted t o  o i l  (4). 
The present work deals  with an e f f o r t  to develop an economical process fo r  coal  
liquefaction-hydrodesulfurization using low c o s t  synthesis  gas in  the presence of 
cobal t  molybdate and sodium carbonate c a t a l y s t s .  
su l fur iza t ion  a r e  catalyzed by cobal t  molybdate, the water-gas s h i f t  react ion and 
reduction of coal  by carbon monoxide are  catalyzed by sodium carbonate. Hydrogen 
consumed is replenished p a r t l y  during the hydrogenation by the following c a t a l y t i c  
react ion,  CO + H20 + H2 + C02. A s  a r e s u l t ,  an e f f e c t i v e  hydrogenation is accom- 
plished by e l iminat ing large amounts of the oxygen in  coal  as carbon dioxide. It 
is noteworthy that the conversion of the oxygen in  coal t o  water is one of the 
main hydrogen-consuming react ions i n  coal  l iquefact ion.  

A major e f f o r t  must be made t o  
One approach is t o  u t i l i z e  low c o s t  synthesis  

The hydrotreating and desul fur iza t ion  of heavy 

While hydrogenation and de- 

BWERMEWTAL 

The l iquefact ion of coal  w a s  s tudied in  a 500-ml magnet ical ly-s t i r red s t a i n l e s s  
s t e e l  autoclave. I l l i n o i s  No. 6 high-volat i le  bituminous coal  and Kentucky 
Homestead high-volat i le  bituminous coal  were used ( tab le  1 ) .  
naphthalene-based o i l  (boiling above 235OC) and o i l  products from the Kentucky 
bituminous coal  -- SYNTHOIL (2) -- were used as vehicles .  
promoted cobal t  molybdate supported on alumina Qlarshaw Con0 0402T)* used e i t h e r  
with or  without sodium carbonate. The c a t a l y s t  p e l l e t s  were crushed before use.  
For most of these experiments, hydrogen and synthesis  gas with H2:C0 r a t i o s  of 1:l 
and 2 : l  were used a t  i n i t i a l  pressures of 1500 to  1800 ps i .  Operating pressures 
ranged from 2400 to 3400 p s i  a t  react ion temperatures of 370° t o  45OoC and the 

A high boi l ing a lkyl -  

The c a t a l y s t  was a s i l i c a  

*Reference t o  a product name is made to  f a c i l i t a t e  understanding and does not  
imply endorsement by the U. S.  Bureau of Mines. 
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reac t ion  was maintained f o r  5 t o  60 minutes a t  the reac t ion  temperature. After  the 
experiment, rapid i n t e r n a l  water cooling of the autoclave t o  ambient temperature 
was achieved. Tota l  products were f i l t e r e d  a t  ambient o r  warmer temperatures t o  
obta in  l iqu id  o i l s .  F i l t e r  cakes containing residue and water were extracted by 
benzene. The water was removed by azeotropic d i s t i l l a t i o n ,  and the remaining o i l  
was recovered by removing t h e  benzene with a ro ta ry  vacuum evaporator. 
products were analyzed by mass spectrometry. 
hydrogen consumption, and carbon dioxide formation, e t c . ,  a r e  given a s  weight- 
percent based on moisture- and ash-free ( m a f )  coal .  

Gaseous 
Data on conversion, o i l  y ie ld ,  

TABLE 1. Analyses of coal ,  percent . 

Coal C H N S 0 Ash Moisture VM 

I l l i n o i s  No. 6 
bituminous 
As used 64.8 5.2 1.3 3.46 14.0 11.2 6.0 38.3 
maf 78.3 5.5 1.6 4.18 10.5 46.3 

Kentucky Homestead 
b i  tuminous 

As used 58.8 4.9 1 .2  5.16 14.4 15.5 7.1 35.7 
maf 75.9 5.4 1.6 6.67 10.5 46.1 

RESULTS AND DISCUSSION 

Using l H 2 : l C O  Synthesis Gas. In i n i t i a l  experiments, high sulfur bituminous coal 
was l iquef ied  and desul fur ized  by hydrotreating with synthesis  gas (approximately 
equal parts of hydrogen and carbon monoxide) in the presence of  CoMo-NapCOg c a t a l y s t  
and an alkylnaphthalene vehic le  oil (S 0.429.). Using I l l i n o i s  No. 6 hvbb c o a l  
(S - 4.18 maf X )  with 25 t o  35% added moisture a t  a coa1:vehicle r a t i o  of 1:2.3,  
3400 t o  4000 p s i  operating pressures ,  and 45OoC reac t ion  temperature, averages of 
917. conversion and 581. o i l  y i e l d  were obtained. 
average of 0.387. s u l f u r .  

Further  experiments were c a r r i e d  out using a benzene soluble  o i l  product (S = 0.59., 
kinematic v i s c o s i t y  - 2515 cent i s tokes  a t  6OoC) from Kentucky bituminous coa l  as 
the s t a r t i n g  vehicle  a t  an i n i t i a l  pressure of 1500 p s i  and 43OoC react ion temper- 
a ture .  
were added i n  d i f f e r e n t  runs to determine the  e f f e c t  of moisture content  of coal .  
In each succeeding run, the o i l  product recovered from the preceding run was used 
a s  vehic le .  
hydrogen runs which also used the same coal o i l  as the  starting vehicle .  Average 
data  of three successive hydrogen runs are given in the  tab le .  
hydrodesulfurization appears to be s a t i s f a c t o r y  a t  430°C f o r  both synthesis  gas 
and hydrogen runs, but  there  is a s i g n i f i c a n t  decrease in hydrogen consumption 
and an increase i n  carbon dioxide formation i n  the synthesis  gas runs. In the 
synthesis  gas  runs, the  addi t ion  of water improved desul fur iza t ion  and caused 
less hydrogen but more carbon monoxide t o  be consumed. The increase of moisture 
content  has  no s i g n i f i c a n t  e f f e c t ,  however, on coal  conversion nor o i l  y ie ld .  

The oil product contained an 

Various amounts of water (0 t o  15 par t s  per 100 parts of coa l  plus vehicle)  

The r e s u l t s  a r e  shown i n  Table 2 and compared with t h a t  obtained from 

The degree of 

1 
' I  

i 

1 
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TABLE 2.  Effect  of water on hydrotreating of coal 
I l l i n o i s  bituminous coa1:recycle o i l  E 1:2.3 
(1,500 p s i  i n i t i a l  pressure, 43OoC, 30 min) 

\ 

I 

Catalyst  
Water added, par ts /100 par t s  

Operating pressure, ps i  
Conversion, 9. 
O i l  y ie ld ,  9. 
H2 consumption, 9. 
CO consumption, % 
CO2 formation, 9. 
CWq formation, 9. 
S i n  o i l  product, 9. 
Kinematic v iscos i ty  of  o i l  

coal  + vehicle  

product, cs a t  6O'C 

~~- ~~ ~~ 

Synthesis gas (1H2:1CO) 

CoMo' + Na2C03' 
0 5 10 15 

2,500 3,000 3,400 3,800 
88 92 92 94 
55 62 58 57 

4.6 3.0 1.5 1 . 2  
50 65 90 94 
46 85 108 113 

5.4 4.5 4.9 5.0 
.41 .37 .29 -29 

109 88 57 36 

H 2  - 
CoMo' 

0 

2,400 
9 1  
62 

6.0 

1 
3.0 
.21  

57 

b 

' Two par t s  per hundred p a r t s  c o a l  plus vehicle .  

Data are given i n  weight percent of maf coal .  

Comparisons between the use of synthesis  gas and hydrogen were a l s o  made a t  
various temperatures. Data shown i n  Table 3 are taken from the last of three 
successive runs a t  each temperature. With decreasing temperature, using e i t h e r  
gas,conversion decreases, o i l  y ie ld  increases ,  s u l f u r  content  in  o i l  increases ,  
and kinematic v i scos i ty  of o i l  product increases .  
consumption is f a r  grea te r  and o i l  v i scos i ty  is more suscept ible  t o  temperature 
change. It is noteworthy t h a t  the product from react ion with synthesis  gas and 
CoMo-Na2C03 c a t a l y s t  a t  400'C is qui te  f l u i d  a t  room temperature even a f t e r  many 
recycle runs. On the  other  hand, the product from reac t ion  with hydrogen and 
CoMo c a t a l y s t  a t  the same temperature is qui te  viscous and the v i s c o s i t y  increases 
with each recycle  run. The p o s s i b i l i t y  of obtaining f l u i d  and e a s i l y  f i l t e r e d  o i l  
products a t  lower temperatures i n  the  synthesis  gas-CoMo-Na2C03 system than i n  the 
hydrogen-CoMo system may prove t o  be advantageous. The amount of low molecular 
weight hydrocarbon gases produced was small but increased with temperature. 

Additional comparative data  were obtained using Kentucky bituminous coa l .  
s t a r t i n g  vehicle  was  pretreated with synthesis  gas or hydrogen a t  s p e c i f i c  
conditions (see Table 4) pr ior  t o  i t s  use f o r  subsequent coa l  l iquefact ion experi- 
ments. 
and CoMo-Nay203 c a t a l y s t  was l e a s t  viscous. 

Using 2H2:lCO Synthesis Gas. 
2R2:1co synthesis  gas. 
about 3,000 p s i  and react ion temperatures of 425' t o  45OoC. 
coa l  and a SYNTHOIL product (S 0.17%, kinematic v i scos i ty  - 18 cs a t  6OoC) were 
used a t  a coa1:vehicle r a t i o  of 1:2.3. I n  the synthesis  gas runs,  5 par t s  of 
water, 2 parts of CoMo c a t a l y s t ,  and 1 p a r t  of Na2C0 c a t a l y s t  per hundred parts 
of coal  plus vehicle  were added. Coal conversions 09 85 t o  92% and o i l  y ie lds  of 
40 t o  609. were obtained with 5 t o  60 minutes react ion times i n  both synthesis  gas 
and hydrogen runs (see Figure 1). 

I n  the hydrogen runs, hydrogen 

The 

Again, a t  4OO0C, the product from the react ion with synthesis  gas, steam, 

The e f f e c t  of react ion time was s tudied using 
Experiments were conducted a t  an operating pressure of 

Kentucky bituminous 

No s igni f icant  d i f fe rence  w a s  found between 

J 
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the two systems. The o i l  y i e l d  was near ly  constant f o r  a l l  react ion times a t  
425OC, but decreased s i g n i f i c a n t l y  a f t e r  15 minutes react ion time a t  450'C. A t  
high temperatures, long residence t i m e  causes fur ther  cracking of the  product o i l  
t o  form low molecular weight hydrocarbons. These observations sug est t h a t  the 
optimum l iquefact ion temperature is i n  the  v i c i n i t y  of 425" t o  450 C and t h a t  a 
shor t  residence time i s  p r a c t i c a l .  

% 

TABLE 3. Hydrotreating of c o a l  a t  various temperatures 
( I l l i n o i s  bituminous coa1:recycle o i l  = 1:2.3, 1500 p s i  i n i t i a l  pressure, 30 min.) 

Synthesis gas (1 : l )  H2 

Cata lys t  CoMo' + Na2C031 CoMo' 

Temperature, 'C 430 400 37 0 430 400 
Operating pressure, p s i  3,400 3,400 3,400 2,400 2,400 
Conversion, 9. 95 92 87  91 86 
Of1 yield,  % 58 61 65 62 63 
H2 consumption, 7. 1.5 0.2 -0.5 6 4 
CO consumption, X 90 a5 a5 - 
C02 formation, X 108 101 103 1 1 
C&, formation, 1; 4.9 3.0 2.1 3.0 1.2 

C 87.7 86.7 89.0 a7.4 

Water added, parts/100 parts 10 0 
coa l  + vehicle  

O i l  ana lys i s ,  % 

3.1 H 7.6 8.0 I . ,  

N 1.4 1.5 1.1 1.2 
S 0.29 0.36 0.39 0.21 0.34 
0 3.0 3.4 2.0 3.0 

7 7  

Kinematic v iscos i ty ,  

' cs a t  60°C 57 148 1,480 57 2,967 
Two par t s  per hundred p a r t s  coa l  + vehicle .  

Data a r e  given in  weight percent of maf coal .  

Figure 2 shows that t h e  s u l f u r  content  and the v iscos i ty  of the o i l  product both 
decrease with increasing temperature and react ion t i m e ,  but a t  the expense of the 
oil yield a t  45OoC. 
cor re la ted  well with the n e t  amount of H2 consumed i n  the respect ive system. 
shown i n  Figure 3,  the v i s c o s i t y  and the su l fur .conten t  of the o i l  product decrease 
with the amount of H2 consumed. 
a t t a i n  the same leve l  of o i l  qua l i ty  is considerably less i n  the synthesis  gas 
system than in  the hydrogen system (see so l id  l ines) .  
formed (equal to the amount o f  C 0 2  formed) by the water-gas s h i f t  react ion i s  
taken i n t o  account (dashed l i n e s  in  Figure 3 ) ,  the consumption of hydrogen i s  
s t i l l  less  with synthesis  gas .  This finding suggests t h a t  carbon monoxide 
could be benef ic ia l  t o  t h e  coal l iquefact ion react ion.  Carbon monoxide could 
act  to  depolymerize c o a l ,  to s t a b i l i z e  the decomposition radicals ,  t o  prevent 
repolymerization, and- to  deoxygenate coa l .  

The Consumption of  Reactant Gases. 
fac t ion  react ion v a r i e s  with react ion var iab les .  
of synthesis  gas depends a g r e a t  deal  on the H2/C0 r a t i o ,  the amount of water, and 
the presence or  absence of Na2C03 c a t a l y s t  because of the concurrent water-gas 
s h i f t  react ion taking place. Table 5 shows some analyses of off-gas obtained a t  
var ious conditions. The operat ing pressure was 3,000 p s i  and the amount of water 
added was 5 parts per hundred par t s  coal  plus vehicle  in  each of the  synthesis  
gas  runs. The gas  consumptions a r e  also shown. 

Regardless of the react ion temperature, the o i l  propert ies  
A s  

It is evident  t h a t  the amount of H2 required to  

When the amount of H2 

The consumption of gases i n  the coal l ique-  
I n  par t icu lar ,  the  consumption 

4 
i 

i 
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TABLE 4. Hydrotreating of Kentucky bituminous coal  a t  4OO0C 

(1,500 p s i  i n i t i a l  pressure, 30 minutes) 

b 

I 

H2 Synthesis gas (1:l) - 
Catalys t COMO‘ COMO’ + Na co CoMo’ 
H20 added, parts/100 par t s  0 lo2 0 

coa l  and vehicle 
Operating pressure, p s i  2,400 3,100 2,500 

Hydrotreating vehicle  
S in oil product, % 0.31 0.30 0.29 
Kinematic viscosi ty  a t  6OoC 411 17 1 1,079 

Hydrotreating coal  
(coa1:vehicle - 1:2.3) 
S in oil product, 9. 0.30 0.30 
Kinematic v iscos i ty ,  cs a t  6OoC 348 231 

Oil y i e l d ,  % 55 60 
Conversion, 9. 83 aa 
Hp  consumption, % 3.7 1.0 
CO consumption, 9. 41 a0 
C 0 2  formation, 9. 27 91 
CH4 formation. 7. 3.0 2.8 
’ Two par t s  of pulverized mater ia l  p e r  100 p a r t s  coa l  and vehicle. 

0.33 
2,330 

63 
4.0 

0.6 
1 . 2  

a5 

Data are given i n  weight percent of maf coal. 

The s igni f icant  formation of carbon dioxide ind ica tes  t h a t ,  i n  the c a t a l y t i c  hydro- 
t r e a t i n g  of coal  using synthesis  gas ,  large amounts of the oxygen i n  coal  a r e  re- 
moved as carbon dioxide. 
g r e a t e r  than the feed gas. 
r a t i o  (scf of CO consumed divided by scf  of H 2  consumed) a r e  grea te r  with 1H2: lCO 
synthesis  gas than with 2H2:lCO synthesis  gas .  The H2  consumption is g r e a t e s t  
when hydrogen is used. 

Liquefaction Process Using Synthesis G a s .  
CoMo-Na2C03 c a t a l y s t  can be used in a coal  l iquefact ion process. 
can be dissolved in the  added water and mixed with coa l .  A s  an i l l u s t r a t i o n ,  a 
s implif ied schematic flow diagram of a conceptual coa l  l iquefact ion process using 
synthesis  gas i s  shown in Figure 4. The gas stream flow i n  scfh (on 100 lb /hr  
c o a l  feed basis)  and volume percent a r e  shown in Table 6 .  The ca lcu la t ion  w a s  
based on the data  a t  450’C and 15 minutes (see Table 5 )  requir ing a CO/H2 con- 
sumption r a t i o  of 1.33. Thus a supply of 0.75 H : I C 0  synthesis  gas is introduced 
t o  the recycle gas (H2/CO - 2.9) t o  make up the feed gas with the composition of 
2H2:1C0. 
(0.75 H2:1CO) consumption is calculated to be 4,000 scf  per bar re l  of oil. 
comparison, based on the  similar da ta  for  the hydrogen run a t  45OoC and 15 minutes 
(Table 5 ) ,  the hydrogen consumption would be 4,700 scf  p e r  bar re l  o f  o i l  when 
the feed gas is hydrogen. 

The H2/C0 r a t i o  of the off-gas leaving the  reactor  is 
The t o t a l  gas consumption and the CO/H2 consumption 

It appears t h a t  synthesis  gas with 
Sodium carbonate 

Using an oil yie ld  of 3 bar re l s  per ton of coa l ,  the synthesis  gas 
In 
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TABLE 5. Analyses o f  off-gases  and gas  balance 

(Coa1:vehicle 1:2.3, operat ing pressure = 3,000 p s i )  

Feed gas  

Temperature, 'C 
Time, min. 
Water added, parts/100 parts 

c o a l  + vehicle  
Cata lys t  
Off-gas analysis ,  'I. 

H2 
CH4 
'2'6 
co 
co2 

n2/co rat io  
Gas balance, s c f / l b  maf c o a l  

Input 
Output 
H2 consumed 
CO consumed 
C02 formed 

COfHp consumption r a t i o  

Synthesis gas 
(H2:C0 - 1 : l )  

430 450 
30 30 
5 5 

CoUo' + Na2C031 

39.8 41.8 
3.5 4 .2  
1.4 1.0 

29.3 31.5 
24.4 20.5 
1.35 1.33 

33 33 
27 .a 27.0 
5.5 6.3 
8.7 10.3 
7.2 8 .2  

1.58 1.64 

Synthesis gas 
(H7:C0 = 2 : l )  

425 450 
30 15 
5 5 

C O M O ~  + ~ a 2 ~ 0 3 ~  

6 2 . 7  64.5 
1.8 2.5 
0.7 1.0 

23.4 22.5 
10.1 9.5 
2.68 2.86 

34 34 
31.2 30.3 
3.1 3.3 
4.2 4.4 

1.35 1.33 
3.2 2.8 

H7 

425 450 
30 15 

con01 

96.1 96.0 
1.2 1 .7  
0.6 0.7 

0.2 0.1 

40 40 
32.5 32.2 
8.8 9.0 

Two par t s  per hundred parts coal  plus vehicle .  
One part per hundred p a r t s  coa l  plus vehicle .  

TABLE 6. Gas stream flows 

(Basis: 100 lb/hr  coal  feed) 

Tota l  flow, Gas composition, % 
Stream scfh H, CHL C,H& co co 7 

1 2,700 67 33 
2 2,400 64.5 2.5 1.0 22.5 9.5 
3 2,090 14 26 
4 610 43 57 

~- 

The use of synthesis gas as the feed gas may be applied to SYNTHOIL, HCoal .  
CONSOL, and other  c a t a l y t i c  hydrogenation processes. The advantages a r e  obvious: 
(1) the high cos t  of hydrogen production is  saved, and the thermal e f f ic iency  
increased;  (2 )  the synthes is  gas usage is lower, and the supply can be obtained 
a t  less cos t  than hydrogen from the g a s i f i c a t i o n  of the char  produced i n  the  
process; and (3) the off-gas ,  a f t e r  scrubbing out  carbon dioxide and hydrogen 
s u l f i d e ,  is a low-Btu gas. 
use in methane production or  methanol synthesis .  
a small bleed stream is  necessary t o  keep CW+ level  down. 
be burned f o r  process hea t .  

W i t h  the H2/C0 r a t i o  of about 3, i t  is s u i t a b l e  f o r  
I f  one recycles the gas  only 

The bleed gas could 

I 
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CONCLUSIONS 

High su l fur  bituminous coa l  can be l iquefied and desulfur ized by hydrotreat ing 
with synthesis gas a t  3,000 psi and 425' t o  450'C in the presence of cobal t  
molybdate-sodium carbonate c a t a l y s t ,  steam, and recycle o i l .  The s u l f u r  content 
and the v iscos i ty  of the oil product both decrease with the amount of hydrogen 
consumed whether synthesis  gas or  hydrogen is used as  the reac tan t  gas. but less 
t o t a l  hydrogen is required f o r  the same oil product qua l i ty  when synthes is  gas  
is used. The synthesis  gas consumption is low -- 4,000 scf  per barrel of l iquid 
f u e l  product. The c o s t  of hydrogen production is saved, and the off-gas  can be 
opt ional ly  burned a s  a low-Btu gas o r  u t i l i z e d  f o r  methane production o r  methanol 
synthesis .  
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COSTEM LIQUEFACTION OF LIGNITE 

H .  R .  Appel i ,  E. C .  Xordci ,  and R .  D .  M i l l e r  

P i t t sburgh  Energy Research Center ,  U. S .  Department of the I n t e r i o r  
Bureau of Nines ,  L800 Forbes Avenue, P i t t s b u r g h ,  Pennsylvania 15213 

IXTKODUCTION 

COSTEGM is a process f o r  l i q u e f y i n g  l i g n i t e  i n  t h e  presence oi: added c a t a l y s t s  
us ing  s y n t h e s i s  gas  as t h e  reducing agent  and the  n o i s t u r e  i n  the c o a i  as the 
source  of hydrogen. Tnis  deve lcpnent  has  i t s  r o o t s  i n  thi. e a r l y ,  l a r g e l y  
ignored work of F .  F i s c h e r  ( L ) .  T h i s  work was extended a t  the Bureau cf Xines 
and brought  t o  a p o i n t  where i t  now appears  t o  have commerciai p o s s i b i l i c i e s  
(2-5). 
c o a l  l i q u e f a c t i o n  us ing  carbon monoxide ( 6 , L ) .  
The product formed i n  the  e a r l y  work was too v iscous  t o  be e a s i l y  r i l t e r e d  o r  
used as a vehic le  o i l  f o r  prepar ing  pumpable l i g n i t e - o i l  s l u r r i e s .  The work 
descr ibed  here  had t h e  o b j e c t i v e  of  rep lac ing  the  carbon monoxide with lower 
c o s t  s y n t h e s i s  gas  and f i n d i n g  o p e r a t i n g  c o n d i t i o n s  where the product is o i  
s u f f i c i e n t l y  low v i s c o s i t y  t o  be used a s  a recyc le  o i l  and a1.c be r e a d i l y  f i l t e r e d  

L .  Berg and h i s  group a t  Nontana S t a t e  Univers i ty  have a l s o  repor ted  on 

EQUIPMENT AND PROCEDURES 

The experimental  work was conducted i n  a 300-ml s t a i n l e s s  s t e e l  rocking au to-  
c l a v e .  
below which l i t t l e  r e a c t i o n  occurred ,  t o  the o p e r a t i n g  temperature .  A f t e r  t he  
d e s i r e d  h e a t i n g  per iod  a g i t a t i o n  was s topped.  No b e n e f i c i a l  r e a c t i o n  was 
observed a f t e r  a g i t a t i o n  ceased .  The repor ted  r e a c t i o n  times do not  inc lude  
h e a t i n g  and cool ing t imes.  Product workup included decanta t ion  o f  t h e  f r e e  
water  i n  t h e  autbclave fol lowed by f i l t r a t i o n  a t  about  95OC through a Buchner 
funnel .  The residue was r i n s e d  wi th  benzene. This  wash s o l u t i o n  was c o l l e c t e d  
s e p a r a t e l y  and s t r i p p e d  f r e e  of s o l v e n t  before  adding t o  the hot  f i l t r a t e .  The 
conversion i s  100% l e s s  t he  percent  of res idue  on a d r y ,  ash- f ree  (maf) b a s i s .  
The o i l  y i e l d  i s  t he  a c t u a l  recovered y i e l d ,  a l s o  on a n  maf b a s i s ,  wi thcut  
c o r r e c t i o n  f o r  mechanical l o s s e s .  

In experiments  s tudying m a t e r i a l  ba lances ,  the au toc lave  was weighed on a 
b u l l i o n  balance having a s e n s i t i v i t y  of 50 mg. This  enabled the weight ,  as wel l  
a s  volume of the gas  charged t o  the au toc lave  and discharged from the au toc lave ,  
t o  be measured a c c u r a t e l y .  Mater ia l  balances b e t t e r  than 98% were obta ined .  

Unless  noted otherwise,  Nor th  Dakota l i g n i t e s  were used i n  t h i s  work. 
labora tory-gr ind  m a t e r i a l  w a s  prepared by b a l l  m i l i i n g  under n i t rogen  and then 
s t o r i n g  under  r e f r i g e r a t i o n  u n t i l  used.  The l a b o r a t o r y  l i g n i t e  conta ined  33% 
water .  The p lan t -gr ind  m a t e r i a l  from the  Beulah mine was p a r t i a l l y  d r i e d  i n  
a i r ,  pulver ized i n  a hammer m i l l  under i n e r t  g a s ,  and then put through a b u l l -  
r i n g  m i l l ,  a l s o  under  i n e r t  gas .  Seventy percent  of  t h i s  m a t e r i a l  was minus 
200 mesh. Composition: m o i s t u r e ,  15 .4%;  a s h ,  9.5%; B t u ' s / l b  3930 on an as- 
rece ived  b a s i s .  On an  maf b a s i s :  H, 4.9%; C ,  7 1 . 2 % ;  N ,  1.0%; s ,  1.2%; 0 (by 
d i f f e r e n c e ) ,  21.7%; B t u ' s j l b ,  11,890. 

T h i s  autoclave r e q u i r e d  0.4-0.5 h r  t o  b r i n g  t h e  temperature  from 3OO0C, 

The 
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The l i g n i t e  used i n  most of t h i s  work was t h e  l a b o r a t o r y  prepara t ion  from t h e  
Beulah Mine, u n l e s s  noted o therwise .  Twelve grams of t h i s  m a t e r i a l ,  on an mf 
(mois ture- f ree)  b a s i s  and 28 g of R e i l l y  c u t  No. 4 anthracene o i l  were charged 
t o  the au toc lave ,  u n l e s s  noted o therwise .  

RESULTS AND DISCUSSION 

E f f e c t  Of Gas Composition. A major change from e a r l i e r  work i n  l iquefy ing  low 
rank c o a l s  with carbon monoxide and water  was the  replacement of thq carbon 
monoxide with s y n t h e s i s  g a s .  This  was done n o t  only because of the  lower c o s t  
o f  the s y n t h e s i s  gas  but  because hydrocracking occurs  more i n  the presence of 
hydrogen than carbon monoxide, 4lthough e x t e n s i v e  c racking  i s  n o t  d e s i r a b l e ,  
some is needed t o  reduce the  molecular  weight and viscosi:y o f  the  ?roduct .  
The somewhat h igher  reac t iv iLy of  c a r b m  monoxide is counterbalanced by t h e  
lower Cost  o f  the s y n t h e s i s  gas  and by the  n e c e s s i t y  t o  i n c r e a s e  the  e x t e n t  of  
c racking  s u f f i c i e n t l y  t o  o b t a i n  a l i q u i d  m a t e r i a l .  

A comparison of  hydrogen and carbon monoxide f o r  the  hydrogenat ion o f  a c e t o -  
phenone (Table l )  shows t h a t  carbon monoxide i s  s e l e c t i v e  wi th  r e s p e c t  t o  
reduct ion  of the  carbonyl  group,  whereas hydrogen causes  more c racking .  The 
high a c t i v i t y  of carbon monoxide f o r  reducing carbonyl  groups is bel ieved  t o  be 
the  reason t h a t  low rank c i a l s  a r e  l i q u e f i e d  more r e a d i l y  i n  t h e  presence of 
carbon monoxide than hydrogen (1,:). 
carbonyl  groups t h a n  h igher  rank c o a l s  but  a l s o  c o n t a i n  the  a l k a l i n e  m a t e r i a l s  
t h a t  a r e  converted t o  formates ,  the probable  a c t i v e  reducing agents  (E) .  

Low rank c o a l s  n o t  on ly  c o n t a i n  more 

TABLE 1. Reduction of acetophenone 

(100 g acetophenone, 2 5  g water ,  5 g Na2C03, 1000 ps ig  i n i t i a l  p r e s s u r e ,  1 h r )  

I 

T y p ,  Product composi t ion,  percent  
C Gas PhCOCH3 PhCHOHCH3 CgHg PhMe PhEt S tyrene  

300 co 57 43 - Trace 

350 co 55 40  .5 .2  1.6 1.8 

380 co 54 27 3.2 1.8 6.0 2.0 
380 H2 61  2.3 8.6 5.2 10.5 0.4 

Hydrogen becomes more e f f e c t i v e  i n  hydrogenat ing c o a l  a s  t h e  temperature  i s  
increased .  The d i f f e r e n c e  i n  behavior  between carbon monoxide and hydrogen 
decreases  a s  the  temperature  i n c r e a s e s .  Never the less  the  d a t a  i n  Table  2 show 
higher  conversion wi th  carbon monoxide a t  a l l  temperatures ,  over  t h e  range of  
375' to  425'C, d e s p i t e  t h e  h igher  pressures  used wi th  hydrogen. 
Table  2 were obtained i n  the  absence o f  a s o l v e n t  i n  o r d e r  t o  keep the 
conversion low where t h e  d i f f e r e n c e s  a r e  l a r g e  enough t o  be meaningful .  

Table  3 shows q u a n t i t a t i v e  d a t a  f o r  t h e  i n i t i a l  g a s ,  product g a s ,  g a s e s  con- 
sumed and gases  genera ted  dur ing  a t y p i c a l  run .  The moles of  carbon oxide 
gases  recovered i s  s l i g h t l y  lower than  t h e  moles charged (98.52 of charged 
CO + C02) .  Experiments u s i n g  pure hydrogen have shown t h a t  some Cog i s  s p l i t  
from t h e  l i g n i t e  dur ing  process ing .  Some C02 may have been l o s t  a s  a resul t  of 
r e a c t i n g  with a l k a l i n e  ash  components to  form bicarbonates .  Some CO may have 
been converted t o  methane by hydrogenat ion promoted by i r o n  i n  the  l i g n i t e .  

3 00 H2 98.8 1.2 - 
350 H2 92 1.7 3 .1 1.6 0.1 

The d a t a  in 
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TABLE 2. E f f e c t  of temperature  on the  r e l a t i v e  e f f e c t i v e n e s s  
of carbon monoxide and hydrogen 

(30 g Elkol Nine subbituminous c o a l ,  no s o l v e n t )  

Water, P r e s s u r e ,  psig Time, Temp, Conversion, 
Gas m l  I n i t i a l  Maximum min O C  percent  

co 15 1500 4200 15 31 5 43 

co 30 1000 3970 30 4 00 60 
H 2  None 2500 5400 15 375 27 

H 2  None 2000 4670 30 400 G O  

co 30 1000 4200 30 425 70 
H 2  None 2000 4650 30 425 63 

TABLE 3 .  Reducing gas  halance 

(10.65 g maf l i g n i t e ,  2 8  g anthracene o i l ,  5 . 9  g H20, 0.87:l H,:CO, 30 ml 
a u t o c l a v e ,  0.46:l weight r a t i o  g a s : c o a l - o i l  s l u r r y ,  4000 ps ig ,  15 min a t  45OoC) 

Gas i n  

1900 psig 
1.034 s t d  f t 3  

Gas out  Difference 

1760 ps ig  140 ps ig  
1.010 s t d  f t 3  0.024 s t d  f t 3  

Composition : 

G r a m  - Mole-pct G r a m  Mo le-pc t G r a m  

H2 46.73 1.23 47.36 1.22 0.01 

C1 1.90 .39 -0.391 

CO 51.57 18.88 30.54 10.92 7.37 
co2 0.10 0.06 19.10 10.73 -10.66l 

0.20 0.08 0.55 0.21 -0.311 - - C2 

20.25 23.49 

' 
Figure  1 shows t h a t  as the  opera t ing  pressure  i n c r e a s e s  i t  is  p o s s i b l e  t o  i n -  
c r e a s e  the concent ra t ion  o f  hydrogen i n  s y n t h e s i s  gas  and s t i l l  o b t a i n  h igh  
convers ions .  
range i n v e s t i g a t e d ,  an  improvement i n  conversion was obta ined  a t  the h igher  
pressures  with r e l a t i v e l y  smal l  percentages of carbon monoxide i n  the reducing 
g a s .  The high conversions were obta ined  by us ing  an excess  of gas  and good 
a g i t a t i o n  i n  t h e  rocking a u t o c l a v e .  Under c o n d i t i o n s  where gas- l iqu id  c o n t a c t  
is poor ,  higher  pressures  a r e  needed t o  o b t a i n  convers ions  near  90%. The 
a d d i t i o n  of t e t r a l i n ,  a hydrogen donor, increased  t h e  conversion but t h e  same 
improvement was a l s o  obta ined  by i n c r e a s i n g  the  o p e r a t i n g  pressure  a few 
hundred pounds. 
t he  curves  i n  F igure  1 would be expected t o  be f l a t t e r  a t  higher  temperatures  
and s t e e p e r  a t  lower tempera tures .  

A negat ive  v a l u e  i n d i c a t e s  weight of gas  produced. 

Although 100% hydrogen gave poor r e s u l t s  a t  420'C i n  t h e  pressure  

Because o f  t he  i n c r e a s e  of hydrogen a c t i v i t y  with temperature ,  
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E f f e c t  of Temperature. I n c r e a s i n g  the temperature  causes  an i n c r e a s e  i n  gas  
consumption and a decrease i n  product v i s c o s i t y  (Figure 2) .  Based on o m  
experience with recyc le  opera t ion  a v i s c o s i t y  of 50 c e n t i s t o k e s  ( c s )  a t  6OoC 
w a s  chosen a s  an upper l i m i t  f o r  a d e s i r a b l e  product obtained using 1 2  g of  
l i g n i t e  t o  28 g anthracene o i l .  
i n d i c a t e s  t h a t  a t  3000 ps ig  the minimum opera t ing  temperature i s  about  430'C. 

In order  t o  minimize the  r e a c t i o n  time necessary f o r  d e s i r a b l e  v i s c o s i t y ,  
temperatures near  450°C a r e  recommended. 
r e a c t i o n  time the  product v i s c o s i t y  cont inues  t o  drop with increased  o p e r a t i n g  
temperature but  t h a t  the  o i l  y i e l d  drops s i g n i f i c a n t l y .  A t  the  s h o r t e r  c o n t a c t  
times poss ib le  a t  the  h igher  temperatures ,  gas consumption a l s o  d e c r e a s e s .  The 
consumption of carbon monoxide i s  r e l a t i v e l y  c o n s t a n t  with temperature  between 
450° and 475OC. Most o f  the increase  i n  gas use i s  due t o  g r e a t e r  consumption 
of  hydrogen a t  the  h igher  temperatures .  A breakdown of the gas  consumption i n  
Table  4 shows t h a t  cons iderably  more hydrogen i s  formed, v i a  the water-gas 
s h i f t  r e a c t i o n  than i s  consumed i n  a l l  but  the  h ighes t  temperature  experiments .  

Using t h i s  v i s c o s i t y  c r i t e r i o n ,  F igure  2 

Table 4 shows t h a t  a t  c o n s t a n t  

TABLE 4. E f f e c t  of teinperature and t i m e  (4000 p s i g )  

O i l  Kinematic 
Temp, Time, Conversion, y i e l d ,  v i s c o s i t y ,  Gas used ,  f t 3  

O C  min percent  percent  cs a t  6OoC CO % 

450 15 96 62  39 .250 -.07S1 
460 15 94 43 36 .229 -.014' 
475 15 94 42 28 .259 .019 
450 3 94 56 52 . 2 2 1  -.018' 
460 3 92 53 48 .217  -.010' 
475 3 94 50 44 . 222  .031 

\ 

Minus f i g u r e s  i n d i c a t e  hydrogen formation.  

E f f e c t  of Pressure .  Table  5 sugges ts  t h a t  the minimum opera t ing  pressure  f o r  
ob ta in ing  a product  of d e s i r a b l e  v i s c o s i t y  is 3000 ps ig .  
a r e  good a t  a l l  o f  the c o n d i t i o n s  l i s t e d  i n  Table  5 but  the  b e s t  o i l  y i e l d s  and 
v i s c o s i t i e s  were obtained a t  the  h ighe r  pressures .  Gas consumption a l s o  i n -  
c r e a s e s  with pressure .  S u r p r i s i n g l y ,  the e x t e n t  of cracking to  C 1  t o  C4 hydro- 
carbons does n o t  appear t o  i n c r e a s e  s i g n i f i c a n t l y  with an i n c r e a s e  i n  pressure  
from 3000 psig t o  4000 ps ig .  When the  temperature  i s  near  450' C ,  w i th  about  a 
15 minutes r e a c t i o n  per iod ,  the percent  of l i g n i t e  converted t o  hydrocarbon 
gases  i s  7 t o  8% (Table 6). 

Conversions of l i g n i t e  

TABLE 5. E f f e c t  of o p e r a t i n g  pressure (1  h r  r e a c t i o n  t ime)  

Operating O i l  Kinematic 
Tzmp, Pressure ,  Conversion, y i e l d ,  v i s c o s i t y ,  Gas used ,  f t 3  

C PS i g  percent  percent  a t  6OoC CO + H2 

430 2000 95 52 79 .186 
430 3000 96 55 53 .189 
430 4000 98 62 39 .210 
450 2000 a5 44 76 .186 
450 3000 93 54 45 .263 
450 4000 96 55 36 .311 
460 2000 87 39 73 .187 
460 3000 94 48 42  .296 
460 4000 94 52 31 .299 
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TABLE 6 .  E f f e c t  of opera t ing  v a r i a b l e s  on gas  product ion 

Temp, P r e s s u r e ,  Time C&,, C2-4,  
O C  ps ig  h r  gram gram 

400 
425 
450 
450 
450  
425 
450 
450 
450 

3000 
3000 
3000 
3000 
3000 
4000 
4000 
4000 
4000 

1 .15 .18 
1 .33 .28 
1 .66 .58 

. 5  .43 .33 

.25 .42 .41 
1 . 30  .29 

.5 .52 .37 

.25 .43 .34  

.OS .32 .25 

L i g n i t e  
gas i f  fed , '  

percent  

3.1 
5.7 

12 .4  
7 . 1  
7 . 7  
5 . 5  
8 . 4  
7 . 2  
5 . 3  

I 

' To C 1 4 4  hydrocarbons. 

Recycle Operation. In o r d e r  f o r  a p o t e n t i a l  c o a l  l i q u e f a c t i o n  process  t o  have 
commercial p o s s i b i l i t i e s ,  t h e  product  should be capable  of being used as a 
r e c y c l e  vehic le  oil f o r  p repa r ing  pumpable c o a l - o i l  s l u r r i e s .  In a d d i t i o n ,  
t h e  product  oil must have s u f f i c i e n t  r e a c t i v i t y  o r  solvency power f o r  c o a l  so 
t h a t  conversions and product  v i s c o s i t i e s  do  not  d e t e r i o r a t e  with extended 
r e c y c l e  opera t ion .  Table 7 shows t h a t  even a t  the border l ine  condi t ions  of 
3000 ps ig  and 43OoC, u s i n g  f r e s h  l i g n i t e ,  i t  was poss ib le  t o  use the product  
oil as so lvent  in 10 consecu t ive  runs with no s i g n s  of  i n o p e r a b i l i t y .  
i n i t i a l  run used an th racene  o i l  as a s o l v e n t  and t h e  product from t h i s  f i r s t  
run had a kinematic  v i s c o s i t y  n e a r  50 c e n t i s t o k e s  a t  60'C. 
c reased  t o  110 c s  a t  82OC by t h e  completion of the  e leventh  run where over  90% 
of  the  v e h i c l e  oil was l i g n i t e  d e r i v e d .  
and t h e  product f i l t e r e d  r e a d i l y  a t  about  95'C. 

The a d d i t i o n  of a small amount of formic ac id  caused the  product v i s c o s i t y  t o  
remain lower. However, improvement i n  product v i s c o s i t y  can be obtained more 
inexpensively by modest i n c r e a s e s  in temperature and/or  pressure .  

Recycle opera t ion  us ing  a s a m p l e  of l i g n i t e  t h a t  had been i n  s t o r a g e  about  two 
y e a r s ,  under n i t r o g e n ,  a f t e r  being a i r  d r i e d  and ba l l -mi l led  in a drum s i z e d  
m i l l  showed poor behavior .  By t h e  e leventh  run ,  the  product was so viscous  t h a t  
i t  could barely be f i l t e r e d  and t h e  y i e l d  of recovered oil was low. Despi te  the  
high v i s c o s i t y  of the  product  from t h i s  last  run, a not  unreasonable  conversion 
of 78% was obta ined .  

An a d d i t i o n a l  s e t  o f  experiments  was conducted t o  f u r t h e r  eva lua te  labora tory  
v e r s u s  la rge  scale m i l l i n g  of l i g n i t e .  The d a t a  in Table 8 show t h a t  i f  
reasonable  precaut ions  are taken t o  prevent  ox ida t ion  during m i l l i n g ,  the  
pulver ized  l i g n i t e  is a c c e p t a b l e  as a COSTEAM feeds tock .  
s e t s  of condi t ions  shows very l i t t l e  loss of a c t i v i t y  of the p lan t -gr ind  l i g n i t e .  
A small increase  in v i s c o s i t y  and a small i n c r e a s e  i n  gas consumption may have 
r e s u l t e d  from the  a i r - d r y i n g  s t e p  t o  which the  l i g n i t e  was subjec ted  p r i o r  t o  
gr inding  under i n e r t  gas .  
The aged p lan t -gr ind  l i g n i t e ,  however, gave a product of dec ide ly  g r e a t e r  
v i s c o s i t y  and consumed more t o t a l  gas .  Because of  the loss of a c t i v i t y  during 
dry ing  (L), it is recommended t h a t  the l i g n i t e  be dr ied  under i n e r t  gas ,  o r  i f  
p o s s i b l e ,  the dry ing  s t e p  omi t ted .  

The 

The v i s c o s i t y  in- 

The v i s c o s i t y  appeared t o  have leve led  

A comparison a t  two 

This l i g n i t e  was t e s t e d  about a month a f t e r  gr inding .  

i 

I 
3 
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TABLE 7.  Liquefac t ion  of  l i g n i t e  us ing  r e c y c l e  o i l  

(1  h r  430°C, 1:l s y n t h e s i s  g a s ,  3000 p s i g ,  H20:coal :oi l  r a t i o  9:30:70) 

Fresh labora tory-gr ind  l i g n i t e ’  Aged l i g n i t e a  
Average of Average of Average of 

11 th  Run 11 runs 11th  Run 11 runs  11th Run 11 runs 

Addit ive 
Conversion, % 
O i l  y i e l d ,  % 
Product: 

C 
H 
N 
S 
0 

Ash 
Kinematic 

v i s c o s i t y ,  
cs a t  6O0C 
cs a t  8z0c 

Btu / lb  c a l c d .  

190 -- 598 -- 12,800 -- 
46.8 -- 110 -- 1,030 -- 

17,056 -- 16,886 -- 16,906 11 

North Dakota l i g n i t e  (Zap Mine, 29.5% H 2 0 ,  9 . a  ash}’. North Dakota l i g n i t e  
(Beulah Mine, 20.3% H20, 7.3% a s h ) ,  p lan t -gr ind .  

TABLE 8. E f f e c t  of g r i n d i n g  method and l i g n i t e  a g i n g  
(4000 ps ig ,  mois ture  ad jus ted  t o  5.9 g f o r  1 2  g m f  l i g n i t e )  

O i l  Kinematic 
Grinding Time, Temp, Conversion,  y i e l d ,  v i s c o s i t y  , Gas used,  f t3 

method h r  O C  percent  percent  c s  a t  6OoC CO HO L 

B a l l  m i l l  .25 450 96 60 30 .723 -.015’ 
B a l l  m i l l  1.00 425 95 61 37 .246 .OW 

Plant -gr ind  .25 450 96 62 39 .750 -.075’ 
P lan t -gr ind  1.00 425 95 63 39 .245 .003 
Plant-gr inda 1.00 425 96 60 45  .242 . l o 8  

Minus f i g u r e s  i n d i c a t e  i n c r e a s e  i n  gas. a Aged l i g n i t e ,  s t o r e d  s e v e r a l  y e a r s  
under N2. 

CONCLUSION 

Autoclave work has  e s t a b l i s h e d  t h e  f e a s i b i l i t y  of processing low rank c o a l ,  i n  
the  absence of added c a t a l y s t s ,  t o  a low-sulfur ,  low-ash f u e l  o i l ,  us ing  s y n t h e s i s  
gas and moisture  i n  t h e  c o a l  a s  the  source of hydrogen. Using o i l  y i e l d s ,  product 
v i s c o s i t i e s ,  and gas consumption as c r i t e r i a ,  opera t ing  v a l u e s  have been found 
which can  be used a s  a s t a r t i n g  p o i n t  f o r  l a r g e r  s c a l e  cont inuous o p e r a t i o n  
s t u d i e s .  

v‘ 
I 
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A critical step in several of the processes for production of liquids 
from coal is the dissolution of coal in a suitable carrier solvent. An ex- 
ample is the noncatalytic solvent refining of coal(SRC) process in which coal is 
slurried with a solvent and, in the presence of hydrogen gas, heated to 375 - 
425OC. 
the solvent leaves a solid (solvent refined coal) low in ash and sulfur, 
suitable for use as a boiler fuel. 
both chemical and thermal phenomena, and although it has been shown to be 
technically feasible, the exact mechanisms and the rate-limiting steps have 
not been defined clearly. 

Subsequent filtration of the resulting solution and distillation Of 

The actual dissolution appears to involve 

The highly porous structure of coal suggests that intraparticle mass 
transfer and diffusion could play a vital role in its dissolution. 
fluid-particle transport phenomena cannot be ruled negligible a-priori. 
these effects are appreciable, then the size of the coal particles should be 
an important operational variable; for, the larger the size of the particles, 
the longer the diffusional path and the smaller the ratio of external to 
internal surface area. 
and othersz, the rate of dissolution has been observed to be independent of 
particle size. 
a variable of some importance. Additional investigations in this area thus 
seem warranted. 

Likewise, 
If 

Typically, however, as reported by Curran et. c.' 
A few studies394, on the other hand, show particle size to be 

Hill, et. e . 5  have applied Eyring Absolute Reaction Rate Theory to the 
kinetics of the dissolution of bituminous coal in tetralin. 
activation and apparent entropies of activation are presented, and marked changes 
are shown to occur in the entropy of activation as dissolution proceeds. 
is interpreted to imply that the fraction of reaction sites available for reaction 
increases drastically during dissolution. 
break-up to form these additional reaction sites, however, has not been clearly 
established. 

Average heats of 

This 

The exact manner and rate of particle 

Dryden6, proposed that dissolution occurs by the removal of units of  colloidal 
size directly from the coal. He maintains that coal consists of a matrix of larger, 
strongly linked micelles which are intimately associated with smaller, less strongly 
bonded micelles and that dissolution occurs by removal of these colloidal units, 
with the smaller micelles dissolving and the larger ones being indestructible at 
the temperature of dissolution. He explains further that the difference between 
these two micelles is one of degree rather than kind in that they probably form 
a continuous series with the dividing line being determined by the temperature. 
A model similar to Dryden's is given by Hills, et. al. with the exception that 
they consider the idea of an indestructible micxleTo be untenable in light of 
their observation that activation energy increases continuously with dissolution. 

Another proposed description for the dissolution of coal, which is completely 
opposite in concept to Dryden's model, is reflected in A. Gillet's7 analysis of 
dissolution at high temperatures (360OC) in hydrocarbon solvents such as anthra- 
cene oil and phenanthrene. He hypothesizes that coal dissolves as a unitary sub- 
stance - like gelatin in water - to form unstable compounds (or complexes) which 
gradually decompose and that, even when the temperature is maintained constant, 
a considerable part of the dissolved material is precipitated within a compara- 
tively short time. 
solutions of coal in tetralin at 300OC to be optically clear when hot, but to 
become rapidly colloidal when allowed to stand. 

~owry8 appears to have confirmed this hypothesis by observing 
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Ashbury3, in his study of benzene pressure extraction of Edenborn coal, 
also observed percipitation of extract to occur with cooling. 
fered from Gillet's hypothesis by inferring that the extract would remain 
as a true solution if the temperature were held constant, for his percipita- 
ted material redissolved when heated only to 80OC. Assuming that coal ex- 
tracts are true solutions, Curranl %.&. derived a reaction model capable 
of representing well experimental data for coal dissolution in active hydro- 
gen-donor solvents such as tetralin. Moreover, they state that no evidence 
exists supporting the formation of colloidal mixtures since the coal extract 
solutions could be filtered without deposition of extract through a filter 
with a pore size of only 100 AO. 

Yet, he dif- 

In light of the above investigations, it appears that some controversy 
exists regarding the exact mechanism of particle-liquid interaction in the 
dissolution process. Generally, however, it appears from these earlier 
studies that particle size is of more importance in the low temperature s o l -  
vent extraction of  coal as opposed to the more complete dissolution obtained 
using high temperature hydrogen donor solvents. 
mised that individual coal particles retain their integrity longer in the 
former processes, quantitative data on this facet of dissolution at high 
temperatures is lacking. The purpose of this study is to elucidate the mechan- 
ism by which individual coal particles dissolve at high temperatures and, there- 
by, to attempt to resolve and extend some of the observations of earlier inves- 
tigators. In this belief that visual evidence would be enlightening, this study 
was based on monitoring the change in particle size at various stages in the coal 
dissolution process utilizing a previously somewhat neglected technique - that 
of photomicroscopy. From the evidence obtained in this manner, some conclusions 
may be drawn regarding the importance of fluid-solid phenomena in coal dissolution, 
and the applicability of homogenous phase reaction kinetics. 
new insights into the relative roles of gaseous hydrogen versus donor solvent 
hydrogen are offered. 

Thus, while it may be sur-  

In addition, some 

Experimental 

Kentucky No. 9 coal was crushed and sized by screening for use in the experi- 
ments. 
ing is shown in Table 1, where the composition of each size fraction is seen to 
be similar. The -60 +SO fraction was selected for use in the experiments. The 
solvents used were creosote oil (Table 2) (start-up solvent for the SRC plant at 
Wilsonville, Alabama), paraffin oil (Will Scientific Co.,) decalin, and tetralin 
(Eastman Kodak). 
by Linde. 
here. 

The analysis of the original coal and that of each fraction after screen- 

Hydrogen and nitrogen gases were the 6000 psi grade supplied 
A 6/1 solvent to coal weight ratio was used in all experiments reported 

All coal was dried overnight at 100°C and 25 inches Hg vacuum before use. 

An Autoclave Engineers' 300 cc magnedrive autoclave was used as a reactor, 
with auxiliary equipment for slurry injection and for liquid sampling. The auto- 
clave was equipped with a turbine agitator, baffle, cooling coil, thermowell, and 
five ports.  These ports were used for: (1) rupture disk, (2)  slurry injection, 
(3)  gas inlet, (4) liquid sampling, and ( 5 )  gas sampling. The autoclave was 
heated by an electric furnace surrounding the base and controlled by means of a 
powerst'at or automatic controller. Chromel-alumel thermocouples and a Bristol 
multi-point recorder were used to indicate temperature. 
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The autoclave was equipped with a cylinder and piston arrangement designed 
for quick sample injection into solvent preheated to reaction temperature. This 
injection procedure was used in preliminary experiments with the somewhat surpris- 
ing result that, at 400oC, all coal particles dissolved before a sample could be 
withdrawn from the reactor, a time period of about one minute. 
situation, the injection procedure was replaced by one in which batches of coal 
and solvent were heated together to a sequence of increasingly higher temperatures. 
Upon reaching the desired temperature for a particular experiment, the resulting 
mixture was immediately quenched to room temperature, a Soxhlet extraction with 
acetone was performed and a photomicrograph at SOX was made of the residue remain- 
ing in the Soxhlet thimble. 

To alleviate this 

TO insure that only individual coal particles were photographed, the residue 
The slide mount- was treated in an ultrasonic bath to disperse all agglomerates. 

ing medium used was Araclor 5442, a thermoplastic resin produced by Monsanto. 
Several drops of Araclor, heated to above its melting point was dropped onto a 
slide, smeared out, and allowed to become tacky. A drop of the residue dispersed 
in acetone was then dropped onto the Araclor on  the slide which then was placed 
on a hot plate until the Araclor remelted. Finally, the particles were dispersed 
in the Araclor by stirring with a toothpick, the dispersion covered with a cover- 
glass, and allowed to cool and harden. The slide was examined under the micro- 
scope for areas of good dispersion and photographs were made of those areas. A 
Leitz Panphot Photomicrograph equipped with a Polaroid 4x5 film holder was used 
for particle size comparison. 
are given by Greed. 

Further details concerning the above procedures 

i 

Results and Discussion 

Experiments were conducted to explore the roles of temperature, hydrogen 
donor activity, and gas phase composition upon the dissolution of coal. 
three variables were found t o  have significant effects. 
work do not establish whether coal dissolves forming a true solution and parti- 
ally re-precipitates during analysis o r  whether it simply fragments into smaller 
units during the initial stages of dissolution. It is likely that a combination 
of these two mechanisms actually takes place. 
tegration i s  introduced to represent the overall process by which the smaller 
particles are formed. 

All 
The results from this 

For this reason, the term disin- 

Effect o f  Temperature 

From Figures la - f, it is obvious that temperature plays a highly signi- 
ficant role in the dissolution process. 
particles occurs until a temperature of 340% is reached, at which time frag- 
mentation begins. 
original coal particles remain intact. 
and, in fact, additional reaction at 4OO0C for two hours produces no further 
changes in physical appearance as shown in Figure If. 

No apparent disintegration of the coal 

At 35OoC considerable disintegration has taken place and no 
At 360OC disintegration appears complete 

These results appear to explain the marked changes in apparent entropy 

Such an increase is in line with the speed of  
of activation observed by Hill5, which can be attributed to a sudden increase 
in available reaction sites. 
coal disintegration observed here. 
almost instantly once a temperature of about 35OOC is reached also shows why 
injection type experiments, in which samples could be collected at a minimum 
of two minute intervals, were unsuccessful for monitoring the extent of particle 
break-up. 
diameter coal particle to reach the solvent temperature after injection as only 

The fact that particle disintegration occurs 

Heat transfer calculations10 give the time required for a 0.2 mm 
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about 0 . 2  sec and hence the disintegration occurs so rapidly, once a high 
enough temperature is reached, it is reasonable to conjecture that the therm- 
ally activated reaction is controlled by the heat transfer rate to the par- 
ticle, which is very fast for the small particles used here. As seen from 
Figure 1, a high activation energy is required for disintegration, as implied 
by the drastic changes occuring with the relatively small changes in tempera- 
ture from 330 to 340OC and from 340 to 350OC. 

It is very interesting to note that in each of the experiments represen- 
ted in Figure 1, the amount of acetone solubles as determined by Soxhlet ex- 
traction remained very low (less than 10 per cent) despite the drastic changes 
in particle size. 
changes with reaction time, with the yield of 50 per cent at two hours corres- 
ponding to the photomicrograph given in Figure 1F. Thus, we can conclude that 
the yield measured by Soxhlet extraction tests is not directly related to the 
early dissolution of the solid coal particles. 
appears that a significant fraction of the coal already dissolved re-precipi- 
tates during the Soxhlet extraction. 
acetone insoluble residue remains at the same size despite the length of 
reaction time. 
in Figure 3,  obtained using a scanning electron microscope. 
appear to be of uniform size and have a globular appearance as would be ex- 
pected with re-precipitated materia!. 
assumed to be mineral matter, this is presently being verified. 

Figure 2 indicates how the yield based on acetone solubles 

At these early stages, it 

This is supported by the fact that the 

Further evidence is provided by the photomicrographs given 
The particles 

The large particles in Figure 3 are 

These observations and implications raise some question as to the signi- 
ficance of obtaining reaction kinetics using acetone insolubles (or as more 
commonly reported, benzene insolubles). If a true solution is formed once 
a sufficiently high temperature is reached, as proposed by Gillet7 and in- 
ferred above, benzene insolubles, as currently determined, probably do not re- 
present conditions existing at the reaction temperature and pressure. The re- 
lationship between insolubles and actual dissolution is thus somewhat obscure. 
Yet, this measure is often used as the characteristic parameter in treating 
the kinetics of dissolution and is typically assumed to correlate well with 
the degree of depolymerization of the coal. Since additional reactions and 
considerable precipitation of coal extract may occur while determining Sox- 
hlet insolubles, some doubt may arise as to the meaning of a kinetic treat- 
ment of dissolution based on benzene insolubles, and this matter should be 
the subject of further investigation. In any event, it does appear that a 
distinction must be made between the amount of MAF coal undissolved at re- 
action conditions and the amount of insolubles as determined by Soxhlet ex- 
tract ion. 

Effect of Hydrogen Donor Activity 

While the above sequence has shown dissolution to be a thermally activated 
process, these further experiments show that application of heat alone is in- 
sufficient to disintegrate the coalJparticles in the temperature range used here. 
Rather, these photomicrographs show that hydrogen transfer is a necessary pre- 
requisite for disintegration. 

The effect of four different solvents having varying hydrogen donor capa- 
cities is shown in Figures 4a-e. All four reactions were conducted for two hours 
at 400OC in their respective solvents. 
hydrogen donors, disintegrate the coal effectively, while paraffin oil, which 
donates little hydrogen, has virtually no effect on the coal. 
intermediate strength hydrogen donor. 
only 0.28 per cent hydrogen transfer to MAF coal using decalin as opposed 

Tetralin and creosote oil, the best 

Decalin is an 
Cur,ranl et. &. for instance, report 
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to 1.21 per cent with tetralin. 
only partially disintegrates in decalin. Thus, a direct correlation exists 
between coal disintegration and hydrogen donor activity of the solvent. 

From Figure 4c it is observed that the coal 

From the results in paraffin oil, it is obvious that the application of 
heat alone at 400OC is insufficient to disintegrate the coal particles, while 
disintegration occurs readily at that same temperature with a solvent capable 
of providing sufficient hydrogen, as exemplified by the tetralin and anthracene 
oil results. Apparently then, disintegration occurs as a fast fluid-solid 
hydrogenation surface reaction having a high activation energy. In processes 
such as the solvent refining of coal, therefore, the liquefaction stage should be 
treated as a chemical process rather than as a strictly thermal process as in 
pyrolysis. 

Effect of Gas Phase Composition 

Often in coal liquefaction operations supplemental gaseous hydrogen is 
added to the solvent-coal slurry; however, little information is  available 
as to the relation between hydrogen transfer from a donor solvent versus that 
from gaseous hydrogen. 
that hydrogen may be donated directly to coal particles in the absence of a 
donor solvent and that this will result in particle disintegration, although 
at a somewhat slower rate than when a donor solvent is present. Here, the 
rate of disintegration may be limited by intraparticle diffusion of dissolved 
hydrogen gas in the liquid filled pores. Such diffusion would be unnecessary 
were the pores filled with a solvent capable of donating hydrogen directly. 
The necessity for  providing some form of hydrogen for particle disintegration 
is apparent from the negative results in Figure 4d,obtained using a nitrogen 
atmosphere with paraffin oil as a solvent. 

Conclusions 

The experimental results of Figure 5 clearly show 

From this photomicrographic study, it can be concluded that the disinte- 
gration o f  coal rrticles in a hydrogen donor solvent occurs almost instan- 
taneously at 360 C, although the application of heat alone is insufficient 
to render the particles soluble at this temperature. The necessary hydrogen 
for disintegration may be provided also by molecular hydrogen as a dissolved 
gas, although perhaps at a slightly slower rate than from a donor solvent. 
The rapidity of particle disintegration suggests that heat transfer to the 
particle may be rate controlling, although this would be unimportant from a 
practical processing standpoint. It appears that a direct relationship be- 
tween particle dissolution and insolubles from Soxhlet extractions is dif- 
ficult to ascertain, because of the possibility of reprecipitation of dissol- 
ved coal species. These results also indicate that hydrogenation and hydro- 
desulfurization take place on a much longer time scale than particle disin- 
tegration and that these two processes may be regarded as occuring in a homo- 
genous liquid phase, rather than as a fluid-solid surface reaction of the type 
present in hydrogasification. 
occurs partly explains the lack of importance placed upon initial particle size 
and agitation rate in non-catalytic coal liquefaction processes. 
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(a) original coal 

(d) 350oC 

(b) 33OoC 

(e) 360°C 

(c) 34OOC 

(f) 4OO0C, 2 hours 

Figure 1: Effect of temperature on the disintegration of -60 +EO mesh 

coal particles using creosote o i l  and hydrogen atmosphere 
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(a) original coal particles, lOOx (b) Soxhlet residue, 500x (c) Soxhlet residue, lOOOx 

Figure 3:  Residue from Soxhlet Acetone Extraction after dissolution 

in creosote oil and hydrogen gas at 360% 

(a) creosote oil (b) tetralin (c) decalin (d) paraffin oil 

Figure 4:  Effect of solvent hydrogen donor activity on particle 

disintegration after 2 hours at 400OC with nitrogen 

atmosphere 

4 
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(a) nitrogen atmosphere (b) hydrogen atmosphere 

Figure 5: Effect of gas phase composition on particle disintegration 

at 400OC after 2 hours in paraffin oil 
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Table 2 

MAJOR COMPONENTS IN CREOSOTE OIL 

Naphthalene 

2-Methylnaphthalene 

1-Methylnaphthalene 

1,2-Dimethylnapthalene 

Acenaphthalene 

Fluorene 

Anthracene and Phenanthrene 

Carbazole, Fluoranthene, Pyrene 

Other(about 30 identified) 

TOTAL 

10'0 

8% 

3% 

9% 

5% 

5% 

17% 

5% 

38% 

100% 

- 
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DEASHING OF COAL LIQUEFACTION PRODUCTS V I A  PARTIAL 
DEASPHALTING. I - HYDROGEN-DONOR EXTRACTION EFFLUENTS 

Evere t t  Gorin, C.  J. Kulik and H .  E. Lebowitz 

Research Divis ion 
Conoco Coal Development Company 

Library,  Pennsylvania 15129 

INTRODUCTION 

One of the  more important problems t o  be resolved i n  t h e  commercial development 
of coa l  l iquefac t ion  processes  is t h a t  of deashing and s o l i d s  separa t ion .  

A n  extensive laboratory program i n  a j o i n t  program with t h e  Standard O i l  Company 
of Ohio was c a r r i e d  out i n  the  Research Divis ion of Consol idat ion Coal Company i n  t h e  
per iod 1959 through 1963 t o  study t h e  bas ic  e s s e n t i a l s  of t h e  hydrogen-donor 
e x t r a c t i o n  process .  The major method of s o l i d s  separa t ion  s tudied  during t h i s  per iod 
was pressure f i l t r a t i o n .  The small  sca le  of t h e  experimental work, i .e. ,  maximum feed 
r a t e  of about 30 lb/hr ,  precluded the  use of continuous f i l t r a t i o n  equipment. Conse- 
quent ly ,  a l l  the  work w a s  conducted i n  batch c y c l i c  equipment. 

The experimental work was continued and expanded with t h e  f i n a n c i a l  support  of 
t h e  Off ice  of Coal Research.( ') One of  t h e  items covered i n  t h e  OCR funded laboratory 
program('.) was f u r t h e r  i n v e s t i g a t i o n  of pressure  precoat  f i l t r a t i o n .  F i l t r a t i o n  r a t e s  
were "optimized" and r e l a t i v e  freedom from f i l t e r  bl inding was secured by operat ing i n  
t h e  500-600'F range.  
occurred i n  t h i s  temperature range.  

I t  was noted t h a t  some p r e c i p i t a t i o n  of dissolved e x t r a c t  

The OCR funded program culminated i n  t h e  design and operat ion of a 20 TPD plan t  
i n  Cresap, West Virg in ia . ( ' j3 )  
t o r y  da ta ,  included t h e  use of continuous pressure  precoat  f i l t e r s  f o r  s o l i d s  
separa t ion .  Mechanical d i f f i c u l t i e s ,  which were unresolved, precluded successfu l  
operat ion of the  f i l t e r  system. F i l t r a t i o n  r a t e s  observed, however, were i n  the  range 
predic ted  from p r i o r  labora tory  da ta .  

The design of t h e  p i l o t  p l a n t ,  based on p r i o r  labora- 

The f i l t e r s  were accordingly replaced by a hydroclone system which operated i n  
Successful  o e r a t i o n  of the  hydroclone system was achieved t h e  range of 500-600'F. 

and t h e  r e s u l t s  have been reported.(  37 Success was, no doubt, due i n  p a r t  t o  p a r t i a l  
e x t r a c t  p r e c i p i t a t i o n  and r e s u l t i n g  s o l i d s  agglomeration on cooling t h e  e x t r a c t i o n  
e f f l u e n t .  

Batch abo a tory  experiments were conducted p r i o r  t o  opera t ion  of the Cresap 
p i l o t  p l a n t t l ~ ~ f  on the  deashing of e x t r a c t i o n  e f f l u e n t s  by means of t h e  addi t ion  
of deasphal t ing so lvents .  

Laboratory experimentation has  continued i n  both batch and continuous u n i t s  on 
improvement of t h e  deashing process .  Some of t h i s  work has  been previously 
reported(') where the  prel iminary r e s u l t s  of deashing by continuous s e t t l i n g  were 
presented.  

The present  paper i s  concerned with a more d e t a i l e d  account of t h e  above work 
on deashing. 

EXPERIMENTAL 

Batch experiments on deashing with deasphal t ing were conducted i n  a one-gallon 
s t i r r e d  autoclave,  5" I . D .  x 12" high.  
sample probe and a N, purged d i f f e r e n t i a l  cell  with t h e  probe funct ioning as  the  
high-side of t h e  DIP ce l l .  

The autoclave was equipped with an ad jus tab le  

I n  combination, t h e  probe and t h e  D/P c e l l  could be used t o  
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f i n d  t h e  l iquid-gas  i n t e r f a c e  wi th in  t h e  autoclave.  Once t h e  i n t e r f a c e  was found, t h e  
probe was moved a prescr ibed  depth i n t o  t h e  l i q u i d  bed at which point  small  samples were 
taken a t  various time i n t e r v a l s  t o  determine the  s e t t l i n g  r a t e  of t h e  i n t e r f a c e  between 
t h e  s e t t l i n g  s o l i d s  and t h e  clear l i q u i d  phase. As a r e s u l t  of t h e  l i q u i d  samples With- 
drawn, t h e r e  was a net  decrease i n  the  l e v e l  of the  gas- l iquid i n t e r f a c e .  A height  
adjustment w a s  used a f t e r  each sample t o  maintain a constant  immersion. 

s t i r r i n g  t h e  autoclave contents  a t  890 r.p.m., 
heat ing t o  e x t r a c t i o n  temperature ,  holding f o r  prescr ibed  t i m e  at temperature, Cooling 
t o  deashing temperature followed by addi t ion  of deashing so lvent ,  i f  any. 
po in t  t h e  s t i r r e r  was stopped and t h e  autoclave conten ts  were allowed t o  sett le.  

The experimental procedure involved 

A t  t h i s  

Samples were taken immediately a f t e r  s t i r r i n g  was stopped according t o  a prs -  

A c o r r e c t i o n  had t o  be appl ied i n  determining t h e  S e t t l i n g  r a t e  t o  
scr ibed  time and depth schedule .  
s e t t l i n g  r a t e .  
account f o r  the  p e r t u r b a t i o n  induced by t h e  unavoidable r e l a t i v e l y  la rge  sample taken 
f o r  a n a l y s i s .  The c o r r e c t i o n  procedure was checked by applying i t  t o  a model system O f  

coa l  s e t t l i n g  i n  decane where t h e  s e t t l i n g  r a t e  could be determined by v isua l  
observat ion.  

The purpose, of course,  was t o  determine t h e  

The continuous u n i t  used f o r  continuous deashing i s  schematical ly  i l l u s t r a t e d  i n  
Figure 1. 
up t o  30 lb /hr .  
The cons t ruc t ion  and o e r a t i o n  of t h e  continuous e x t r a c t i o n  system has been previously 
descr ibed i n  d e t a i l . (  '7 The opera t ion  of t h e  continuous sett ler without deasphal t ing 
so lvent  addi t ion  was a l s o  prev ious ly  described. 

The e x t r a c t i o n  system i t s e l f  is  adapted t o  operat ion a t  s l u r r y  feed r a t e s  
The f ive-s tage  e x t r a c t o r  contains  a t o t a l  inventory of 1.7 gal lons .  

The flow sheet  of F igure  1 a l s o  shows t h e  system f o r  continuous metering of 
a d d i t i v e s  t o  promote deashing. 
of n-decane which ac ted  as a deasphal t ing so lvent .  
aqueous H2S0,.  The purpose of t h e  s u l f u r i c  ac id  was t o  remove so luble  a l k a l i n e  ash 
from t h e  e x t r a c t  by conversion t o  s u l f a t e s .  The s to ich iometr ic  feed rate was calcu- 
l a t e d  based on conversion of  t h e  combined N a ,  K, Mg and C a  content  of t h e  feed coa l  
t o  the  corresponding s u l f a t e s .  The e x t r a c t i o n  e f f l u e n t  is continuously mixed with 
t h e  deasphal t ing so lvent  i n  t h e  addi t ive  contactor .  This is  a one-gallon s t i r r e d ,  
e l e c t r i c a l l y  heated vesse l  u s u a l l y  operated a t  t h e  same temperature a s  t h e  continuous 
set t ler .  The contactor  v e s s e l  was employed t o  precool  t h e  s l u r r y  feed t o  settler 
temperature i n  most cases ,  even when no a d d i t i v e  was used. 

Two types  of a d d i t i v e s  were used. The f i r s t  consis ted 
The second cons is ted  of 16% 

A number of d i f f e r e n t  size vesse ls  were used f o r  continuous s e t t l i n g  i n  order  t o  
determine t h e  e f f e c t s  of varying throughput r a t e s  i n  l b / h r - f t 2 ,  and of d i f f e r e n t  
res idence times i n  the  compaction zone below t h e  feed  i n l e t .  

The dimensions of t h e  settlers used a r e  out l ined  i n  t h e  t a b l e  below. 

Area. f t 2  
Sett ler I D  Above Below Vol. Below Feed Poin t  
NO. - i n  Feed P o i n t  Feed Point  f t 3  

1 7.98 0.328 0.347 
2 4.60 0.096 0.116 
3 4.60 0.096 0.116 
4 3.15 0.045 0.054 
5 3.15 0.045 0.054 

0.405 
0.135 
0.251 
0.117 
0.179 

The bottom two inches of t h e  s e t t l e r s  were a g i t a t e d  by a rake r o t a t i n g  at  1-2 
r.p.m. The bottom of t h e  r a k e  contained t w o  perpendicular  rows of 1/8-inch sp ikes .  

A run was conducted by s e t t i n g  t h e  coa l  s l u r r y  feed  composition and r a t e ,  
e x t r a c t i o n  temperature, a d d i t i v e  feed  r a t e  and s e t t l e r  temperature a t  t h e  prescr ibed 
values .  The r a t e  of withdrawal of underflow from t h e  s e t t l e r  was a l s o  prescr ibed 
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i n  advance. The underflow r a t e  was c o n t r o l l e d  manually by i n t e r m i t t e n t  withdrawal 
through a 1/2-inch g a t e  valve a t  10 minute i n t e r v a l s  i n t o  t h e  underflow product 
r e c e i v e r  which was pos i t ioned  on a weigh s c a l e .  

Steady operat ing condi t ions  were achieved u s u a l l y  a f t e r  t h r e e  inventory changes 
through t h e  system. A mater ia l  balance per iod  ensued i n  which samples of a l l  l i q u i d  
and gas  streams were taken.  Duplicate gas  samples were normally taken  a t  t h e  beginning 
and end of t h e  m a t e r i a l  balance per iod .  The methods of a n a l y s i s  and c a l c u l a t i o n a l  
procedures were s u b s t a n t i a l l y  t h e  same a s  those previously descr ibed.(  2 ,  

A number of d i f f e r e n t  coals were i n v e s t i g a t e d  including P i t t s b u r g h  Seam and 
I l l i n o i s  No. 6 c o a l s  from t h e  eastern-half  of t h e  United S t a t e s  and bituminous and 
subbituminous c o a l s  from t h e  western p a r t  of t h e  country.  The d e t a i l e d  i n v e s t i g a t i o n  
was, however, confined t o  two coa ls ,  i . e . ,  a P i t t sburgh  N o .  8,  a h igh-vola t i le  bitumi- 
nous C coa l  from the  I r e l a n d  Mine of Northern West V i r g i n i a  and a U t a h  subbituminous 
coa l  from t h e  Browning Mine i n  Emery County. Only t h e  work wi th  t h e  l a t t e r  two c o a l s  
w i l l  be descr ibed.  Inspec t ions  of t h e  two c o a l s  a r e  given i n  Table I .  Two batches 
of t h e  Browning Mine c o a l  were used. As noted, the  second batch was s i g n i f i c a n t l y  
lower i n  s u l f u r  conten t .  

The I re land  coa l  is a s t rongly  caking, highly f l u i d  and highly caking bituminous 
coa l .  The Browning Mine c o a l  is, however, s u b s t a n t i a l l y  noncaking and e x h i b i t s  l i t t l e  
or no f l u i d i t y  i n  t h e  s tandard  Gieseler plastometer test. Its c l a s s i f i c a t i o n  by t h e  
ASTM system is  border l ine  between h igh-vola t i le  C bituminous and subbituminous B. 
Because of i t s  noncaking p r o p e r t i e s ,  i t  i s  more l o g i c a l  t o  regard i t  a s  a subbitumi- 
nous c o a l  i n  rank.  

The work with t h e  I re land  coal  was conducted with so lvents  der ived from t h e  
Cresap p i l o t  p l a n t . ( 3 )  
e x t r a c t  i n  t h e  ebullated-bed c a t a l y t i c  hydrocracker. 
namely, f r e s h  make-up hydro o i l s  derived from t h e  hydrocracker and e x t r a c t i o n  recyc le  
oils. The l a t t e r  o i l s  were der ived from t h e  make-up hydro o i l  by recyc le  through t h e  
e x t r a c t i o n  u n i t  and n a t u r a l l y  were more depleted i n  hydrogen donors than  the former. 
They a l s o  contained some undisplaced s t a r t - u p  so lvent  which cons is ted  mostly of mixed 
methylnaphthalenes. Analysis of t y p i c a l  o i l s  of t h i s  type a r e  g iven  i n  Table 11. 
The i d e n t i f i c a t i o n  of s p e c i f i c  compounds by gas  chromatographic a n a l y s i s  i s  somewhat. 
t e n t a t i v e  due t o  t h e  complex na ture  of t h e  mixture .  

These were “ n a t u r a l  o i l s “  der ived from hydrocracking of t h e  
The o i l s  w e r e  of t w o  types ,  

The work w i t h  t h e  Browning Mine c o a l  on t h e  o ther  hand was conducted mostly with 
s y n t h e t i c  so lvents  c o n s i s t i n g  of mixtures of methylnaphthalene and t e t r a l i n .  

The d e f i n i t i o n s  given below a r e  appl icable  t o  the  d iscuss ion  presented i n  the  
remainder of t h i s  paper. 

Ext rac t  i n  what fol lows is defined a s  t h a t  p o r t i o n  of t h e  e x t r a c t i o n  e f f l u e n t  
which b o i l s  above 24OoC a t  1 mm Hg and which is so luble  i n  b o i l i n g  c r e s o l .  

MAF e x t r a c t i o n  res idue  i s  t h e  moisture and ash-free p o r t i o n  of the  e x t r a c t i o n  
e f f l u e n t  which is inso luble  i n  b o i l i n g  c r e s o l .  

Coal conversion is def ined a s  

100 l b  MAF e x t r  c t i o n  res idue  
loo - l b  MAF coalafeed 

Hydrogen t r a n s f e r  i n  t h e  runs with s y n t h e t i c  so lvents  i s  determined a s  pre- 
viously(’)  from t h e  amount of naphthalene produced v i a  t h e  reac t ion ,  

t e t r a l i n  + coal  - coal  der ived products + naphthalene. 



A. I re land  M i n e  Coal 

1. Batch Resul t s  

A br ie f  summary of t h e  batch r e s u l t s  w i l l  be given f o r  comparison with con- 
t inuous r e s u l t s .  The average r e s u l t s  of a series of runs with n a t u r a l  so lvents  
are given i n  Table 111. 
hydro oil-75% recycle  o i l  and 100% hydro o i l .  
these  runs. I t  is c l e a r  t h a t  a r e l a t i v e l y  high s e t t l i n g  r a t e  can be achieved without 
addi t ion  of a deasphal t ing so lvent .  The s e t t l i n g  r a t e  i s  d r a s t i c a l l y  reduced, however, 
when t h e  c o a l  conversion is increased .to 86% by use of 100% hydro o i l .  

Two types of solvent  mixtures were used, i .e. ,  25% Cresap 
N o  deasphal t ing so lvent  w a s  used i n  

The addi t ion  of deasphal t ing so lvents  was a l s o  s t u d i e d  p r e v i ~ u s l y ( ~ , ~ )  i n  
batch experiments. Their e f f e c t  on s e t t l i n g  r a t e s  had not been determined. These 
experiments focused on a determinat ion of t h e  ash  content  of t h e  c l a r i f i e d  e x t r a c t .  
A l l  deasphal t ing so lvents  used were sa tura ted  hydrocarbons and a l l  were e f f e c t i v e  i n  
reducing ash content of the  c l a r i f i e d  e x t r a c t .  On a weight b a s i s ,  a l l  hydrocarbons 
t r i e d ,  i.e., n-paraff ins ,  n-butane through n-decane, cyclohexane and deca l in  were 
approximately equal ly  e f f e c t i v e  i n  deasphal t ing and reducing e x t r a c t  ash .  Their  re la -  
t i v e  e f f e c t  on r a t e  of s e t t l i n g  s t i l l  remains t o  be determined, however, and such 
measurements are  now i n  progress. 

2 .  Continuous R e s u l t s  

The deashing of t h e  e x t r a c t i o n  e f f l u e n t s  from donor e x t r a c t i o n  using na tura l  
"Cresap" derived so lvents  v i a  g r a v i t y  s e t t l i n g  was inves t iga ted  i n  some d e t a i l .  
products from four  e x t r a c t i o n  condi t ions were used i n  t h i s  s tudy.  The condi t ions used 
and a summary of r e s u l t s  are given i n  Table I V .  

The 

A series of settling runs were conducted using t h e  e f f l u e n t  from Condition A 
(1 .5  S/C r a t i o ,  75-808 coa l  conversion)  using s e t t l i n g  temperatures of 550-600-650°F. 
No usable da ta  were obtained at 550'F s ince  massive depos i t s  were formed i n  t h e  
s e t t l e r  walls. The sett ler was clean, however, at t h e  two higher  temperatures .  The 
overflow r a t e  i n  lb /hr - f ta  was var ied  over a wide range by use of settlers with 
Various CrOSS-SeCtiOn areas  a s  explained earlier. The underflow r a t e  was not t r e a t e d  
as a separa te  var iab le .  I n  most runs,  it was a r b i t r a r i l y  set a t  20% of t h e  feed r a t e  
t o  e x t r a c t i o n .  
inso lubles .  

This  usua l ly  gave an underflow stream containing 45-55 w t .  $ cresol-  

The e f f e c t  of t h e  throughput r a t e  on percent  ash breakthrough from t h e s e  
experiments is i l l u s t r a t e d  i n  Figure 2. 

The e f f e c t  of  varying e x t r a c t i o n  condi t ions on s e t t l i n g  behavior was a l s o  
s tudied  and r e s u l t s  are summarized i n  Table V.  
i l l u s t r a t i n g  the removal of f i n e  ash by s u l f u r i c  ac id  addi t ion .  

A few runs are a l s o  showlz i n  Table V, 

It i s  immediately noted t h a t  the  sett ler throughput r a t e  can be g r e a t l y  in- 
creased,  without s a c r i f i c e  of deashing e f f i c i e n c y ,  by increase  of t h e  solvent-to-coal 
r a t i o  from 1.5 t o  2. 

As was noted previous ly  i n  batch r e s u l t s ,  increase  of coal  conversion from 
77 t o  868 g r e a t l y  decreased deashing e f f i c i e n c y  a t  1.5/1.0 so lvent  coa l  r a t i o .  
appeared t o  have l i t t l e  a f f e c t ,  however, when t h e  solvent-to-coal r a t i o  was increased 
t o  2. 

I t  

The e f f e c t  of s u l f u r i c  a c i d  addi t ion  is l a r g e l y  t o  reduce t h e  f i n e  ash of 
t h e  e x t r a c t .  
so luble  C a  t o  insoluble  CaSO,. 
ac id  addi t ion .  

About one-third of t h e  f i n e  ash i s  removed, l a r g e l y  by conversion of 
About 50% of t h e  e x t r a c t  calcium i s  removed by s u l f u r i c  



83 
The e x t r a c t  recovery i n  the overflow is  given i n  t h e  l a s t  row of Table V .  

I t  is seen t h a t  t h e  e x t r a c t  recovery i n  t h e  overflow is i n  t h e  range of 84-88$. 
Higher recoveries ,  of course,  can be achieved by washing t h e  underflow with feed 
so lvent .  
sion, increasing t h e  solvent-to-coal r a t i o  and by decreasing the amount of prec ip i -  
t a t e d  e x t r a c t .  The above s ta tements  fol low from the  material balance r e l a t i o n s h i p s  i n  
t h e  system. 

Recoveries a r e  a l s o  increased,  without washing, by increas ing  Coal conver- 

A small f r a c t i o n  of t h e  e x t r a c t  i s  p r e c i p i t a t e d  on cool ing t h e  e x t r a c t i o n  
e f f l u e n t  t o  s e t t l e r  temperatures. 

The amount of p r e c i p i t a t e d  e x t r a c t  may be readi ly  c a l c u l a t e d  from t h e  
observed extract- to-solvent  r a t i o s  of t h e  overflow and underflow streams,  i f  it is 
assumed tha t  a l l  of t h e  p r e c i p i t a t e d  e x t r a c t  is i n  t h e  underflow stream. The 
r e l a t i o n s h i p  i s  

where : 

X = t h e  f r a c t i o n  of underflow e x t r a c t  which i s  i n  t h e  so luble  form. 

= 
= 

l b  of e x t r a c t  i n  overflow (underflow). 

l b  of solvent  i n  overflow (underflow). 
4.1 
O(U) 

E 

S 

The f r a c t i o n  of t o t a l  e x t r a c t  p r e c i p i t a t e d  is then r e a d i l y  ca lcu la ted  by 
mater ia l  balance. 

Equation (1) was appl ied  t o  the  series of runs conducted a t  WOOF s e t t l e r  
temperature a t  t h e  two solvent-to-coal r a t i o s ,  respec t ive ly ,  with r e s u l t s  a s  shown 
below: 

Average Quant i ty  
Solvent-to-Coal Ext rac t  P r e c i p i t a t e d ,  Standard 

Rat i o  No. of Runs w t .  % MAF Coal Deviation 

1.5 
2 .o 

14 
3 

2.3 
5.5 

1.5 
1.2 

The p r e c i p i t a t e d  e x t r a c t ,  was shown by solvent  f r a c t i o n a t i o n  ana lys i s ,  t o  
cons is t ,  as expected, of the  highest  molecular weight f r a c t i o n  of t h e  e x t r a c t ,  i .e . ,  
t h e  benzene inso lubles .  

B. Brownine Mine Coal 

1. Batch Resul ts  

The batch experiments a re  summarized i n  Table V I .  It is noted t h a t  i n  con- 
t r a s t  t o  I re land  coa l  t h a t  t h e  s e t t l i n g  r a t e  i n  t h e  absence of a d d i t i v e s  was very slow. 
The addi t ion of decane, however, was e f f e c t i v e  i n  providing acceptable  s e t t l i n g  rates. 

Synthet ic  solvents  cons is t ing  of methylnaphthalene alone or i n  admixture 
with t e t r a l i n  were used. The v i s c o s i t y  of these  so lvents  i s  lower than  t h a t  of t h e  
higher boi l ing  n a t u r a l  so lvents  such t h a t  t h e  poor s e t t l i n g  behavior with t h e  Browning 
Mine coa l  cannot be ascr ibed t o  use of t h e  s y n t h e t i c  so lvent .  An experiment i n  which 
t h e  Cresap na tura l  e x t r a c t i o n  so lvent  was used confirmed again t h e  slow s e t t l i n g  r a t e  
for t h i s  coal  i n  the absence of addi t ives .  

2.  Continuous Resul ts  

The general  e x t r a c t i o n  behavior of t h e  Browning Mine c o a l  i n  t h e  continuous 
u n i t  was assayed a t  t h e  same t i m e  t h a t  t h e  behavior of deashing v i a  continuous s e t t l i n g  
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was explored.  Synthe t ic  so lvents ,  i .e ., methylnaphthalene-tetralin mixtures, were 
used i n  t h i s  work with t h e  t e t r a l i n  content  of the  feed so lvent  var ied between 0 and 
50$. 
between 1 . 5  t o  4.0 i n  t h i s  work. 

The temperature was var ied  between 750-780'F and t h e  solvent- to-coal  r a t i o  

The r e l a t i o n s h i p  between coa l  conversion and hydrogen t r a n s f e r  is shown i n  
F igure  3. 
mental values f a l l  on a r e l a t i v e l y  smooth curve independent of t h e  experimental 
condi t ions .  

Like the  r e s u l t s  repor ted  previously with I re land  Mine c o a l , ( 5 )  t h e  experi- 

Hydrogen t r a n s f e r  i n  these  experiments i s  def ined a s  t h e  amount of hydrogen 
t r a n s f e r r e d  t o  t h e  coa l  v i a  t h e  general  process ,  

t e t r a l i n  + c o a l  - coal products + naphthalene. 

A smal l  amount of naphthalene i s  a l s o  produced v i a  hydrogen-donor cracking of t h e  
so lvent ,  i .e . ,  by t h e  r e a c t i o n ,  

112 ( t e t r a l i n )  + methylnaphthalene = methane + 312 (naphthalene) .  

The naphthalene produced by t h e  second reac t ion  accordingly is excluded from t h a t  pro- 
duced by t h e  f i r s t  r e a c t i o n  i n  ca lcu la t ing  t h e  amount of hydrogen t r a n s f e r  t o  t h e  coal .  

A k i n e t i c  r e l a t i o n s h i p  between the  r a t e  of hydrogen t r a n s f e r  and the  extrac-  
t i o n  condi t ions a s  w e l l  as t h e  t e t r a l i n  content  of the  solvent  was derived and previ- 
ously p r e ~ e n t e d . ( ~ , ~ )  
c o a l .  I t  i s  i n t e r e s t i n g  t o  note ,  t h a t  the  r a t e  of hydrogen t r a n s f e r  ca lcu la ted  using 
k i n e t i c  constants  der ived f o r  I re land  coa l ,  c lose ly  pred ic ted  t h e  hydrogen t r a n s f e r  
r a t e s  f o r  Emery c o a l .  This is  i l l u s t r a t e d  by Figure  4. It should be emphasized, how- 
ever ,  t h a t  the  coa l  conversion versus hydrogen t r a n s f e r  r e l a t i o n s h i p  i s  very d i f f e r e n t  
f o r  t h e  two coals ,  i .e.,  a much higher  coa l  conversion is achieved with t h e  Ireland 
c o a l  with the same amount of hydrogen t r a n s f e r .  

The r e l a t i o n s h i p  was based on t h e  ex tens ive  data  with Ireland 

The explora tory  survey of t h e  var iab les  i n  t h e  continuous u n i t  confirmed the  
need f o r  addi t ion  of decane t o  achieve a high throughput r a t e  i n  the continuous 
s e t t l e r .  

A survey of t h e  e f f e c t  of temperature and decane addi t ion  r a t e s  on deashing 
e f f i c i e n c y  was made at 500, 600, and 650'F. 
shown i n  Figure 5. N o  usable  r e s u l t s  were obtained a t  650°F due t o  coke formation i n  
t h e  condi t ioner  v e s s e l .  Thus, l i k e  the previous case of I re land  Mine coa l  without 
a d d i t i v e s ,  the  optimum s e t t l i n g  temperature is near  600OF. The o p e r a b i l i t y  re la t ion-  
s h i p s  versus temperature appear t o  be q u i t e  d i f f e r e n t  f o r  the two coals ,  however. The 
reason f o r  t h e  d i f fe rence  is not apparent. 

The r e s u l t s  of t h e  500 and 6W°F runs are  

Further  d e t a i l s  on some of t h e  runs conducted with varying decane r a t e s  are  
given i n  Table V I I .  

The amount of e x t r a c t  p r e c i p i t a t e d  was c a l c u l a t e d  by t h e  procedure described 
e a r l i e r  f o r  the  I r e l a n d  Mine coa l  case f o r  continuous runs which were conducted over 
10% operat ing per iods,  i .e., g r e a t e r  than 50 hours, t o  demonstrate o p e r a b i l i t y .  The 
r e s u l t s  a r e  ind ica ted  below: 

Run Conversion, Decane-to-Solvent W t .  $ Extrac t  - No.  W t .  $ MAF Coaa Rat io  P r e c i u i t a t e d  

1 

/ 

41 36 
44 53.7 
51 63.8 

0.065 
0.112 
0.290 

0 
2.7 
7.7 
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The runs i n  Table V I 1 1  a r e  not included because of t h e i r  s h o r t  dura t ion  and 
accordingly less accurate  mater ia l  balances.  

The e x t r a c t  recovery i n  Run 51, which was conducted under nominally t h e  same 
condi t ions a s  Run 45-5 gave an e x t r a c t  recovery of 79%. 

Experiments were conducted t o  recover  " l iquid" e x t r a c t  i n  t h e  underflow by 
mixing t h e  underflow with a por t ion  of the  e x t r a c t i o n  solvent  and all of t h e  feed 
decane, and p a s s i  t h e  mixture through t h e  s e t t l e r  again.  D e t a i l s  have been previ- 
ously presented,  (? and it was shown t h a t  95% of the  " l iquid",  i .e . ,  unprec ip i ta ted  
e x t r a c t ,  was recovered by t h i s  technique which s imula tes  a two-stage continuous settler 
r i t h  back washing of t h e  underflow from t h e  f i r s t  s t a g e .  

PISCUSSION OF RESULTS 

I re land  Mine Coal 

Batch s e t t l i n g  may be regarded a s  proceeding through a hindered settling mech- 
anism, i .e.,  where t h e  s e t t l i n g  r a t e  i s  equiva len t  t o  t h e  f l u i d i z a t i o n  ve loc i ty  of t h e  
given p a r t i c l e  s i z e  d i s t r i b u t i o n  a t  a given l e v e l  of compaction. For t h i s  reason, t h e  
i n i t i a l  settling r a t e  is t h e  highest  and t h e  rate decreases  as t h e  bed compacts. 

The a r e a  required i n  a continuous settler can be approximated from batch r e s u l t s  
by t h e  fami l ia r  " ideal ized" design equat ion(8)  which is simply der ived from mater ia l  
balance considerat ions:  

\ 

where : 

A =  

D =  

F =  

P =  

Q =  
R =  

area requi red  t o  produce c l e a r  overflow with underflow composition D 
and feed composition F.  

weight of l i a u i d  in underflow. 
weight of s o l i d s  

weinht of l i a u i d  in feed. 
weight of s o l i d s  

densi ty  of t h e  l i q u i d .  

s o l i d s  feed  r a t e .  

r a t e  of s e t t l i n g  of s l u r r y .  

There is some uncer ta in ty  about t h e  determinat ion of R ,  but  a s  a f i r s t  approxi- 
mation it should equal  t h e  i n i t i a l  s e t t l i n g  rate of t h e  feed s l u r r y  as  determined from 
batch experiments. 

Equation ( 2 )  should be v a l i d  a s  long a s  s u f f i c i e n t  residence time is  provided 
below t h e  feed point  t o  allow compaction of t h e  underflow t o  the  "mater ia l  balance" 
concentrat ion by hindered s e t t l i n g .  I n  a l l  of our experiments, with one except ion,  
s u f f i c i e n t  res idence time was suppl ied t o  achieve the  des i red  level of compaction. 
From t h i s  r e s u l t ,  i t  w a s  determined t h a t  the  residence t i m e  required f o r  compaction 
t o  50% s o l i d s  i s  less t h a n  1.7 hours. 

Equation ( 2 )  implies  a sharp breakthrough of s o l i d s  a s  upf low ve loc i ty  i n  the  
s e t t l e r  is increased.  Experimentally, a s  t h e  r e s u l t s  given i n  Figure 2 show, t h i s  is 
f a r  from the  case, i .e.,  t h e r e  i s  a gradual  increase  i n  s o l i d s  breakthrough as  
throughput is increased.  
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The experimental r e s u l t s  a t  600'F shown i n  Figure 2 were c o r r e l a t e d  by the  
empir ica l  equat ion of t h e  t y p e ,  

Y = yoe W/VO (3) 

where: Y = the  percent  of t h e  ash repor t ing  t o  t h e  overflow. 

Vo = i n i t i a l  s e t t l i n g  ve loc i ty  of feed s l u r r y ,  in/min. 
yo and K a r e  a r b i t r a r y  cons tan ts .  

V = the  a c t u a l  upflow ve loc i ty  of t h e  overflow stream i n  in/min. 

For  the  p a r t i c u l a r  s l u r r y  used, S/C = 1.5, condi t ion  A, t h e  empir ical  equat ion,  
determined as bes t  f i t  t o  t h e  da ta  by the  method of l e a s t  squares  takes  the  form, 

( 4 )  Y = 1.106 e 0.940 v = 1.106 e1.88 v/vo 

Thus, based on equat ion (4 ) ,  i f  one operates  t h e  s e t t l e r  at an upflow ve loc i ty  equal 
t o  the  i n i t i a l  s e t t l i n g  v e l o c i t y  as determined from batch experiments, one would 
obta in  934 of ash removal t o  t h e  underflow. 
c i e n t  ash removal, t h e  v e l o c i t y  must be  reduced s i g n i f i c a n t l y  below t h e  i n i t i a l  sett l-  
ing v e l o c i t y .  

Accordingly, i f  one d e s i r e s  more e f f i -  

The s e t t l i n g  behavior also has t o  be r a t i o n a l i z e d  with respec t  t o  t h e  s i z e  consis t  
of the  s o l i d s  i n  t h e  e x t r a c t i o n  e f f l u e n t .  These were determined by t h e  Coulter  
counter method but only a f t e r  d i spers ion  of t h e  res idue  p a r t i c l e s  i n  te t rahydrofuran.  
The e x t r a c t  i s  completely so luble  i n  te t rahydrofuran and t h u s  any p a r t i c l e s  agglomera- 
t e d  by p r e c i p i t a t e d  e x t r a c t  a r e  redispersed.  

The r e s u l t s  f o r  t w o  series of runs, i . e . ,  a t  76$ and 8 5 4  conversion leve ls ,  
respec t ive ly ,  a r e  given i n  Figure 6 .  The median p a r t i c l e  s i z e  is q u i t e  small, i . e . ,  
28 and 16 microns, r e s p e c t i v e l y .  The higher  conversion runs  showed a small median 
p a r t i c l e  s i z e  which is c o n s i s t e n t  with t h e  lower s e t t l i n g  r a t e  f o r  t h e s e  e x t r a c t i o n  
e f f l u e n t s  . 

Figure 7 i l l u s t r a t e s  t h e  removal e f f i c i e n c y  of res idue  p a r t i c l e s  a s  a funct ion of 
It is noted t h a t  high e f f i c i e n c i e s  size with t h e  r e l a t i v e  v e l o c i t y  V/Vo a s  parameter. 

of c o l l e c t i o n  of t h e  +10 micron p a r t i c l e s  can be achieved a t  v e l o c i t i e s  up t o  Vo. 
Higher v e l o c i t i e s  cause a r a p i d  decrease i n  e f f i c i e n c y  of p a r t i c l e  c o l l e c t i o n .  

The reason f o r  t h e  r e l a t i v e l y  high r a t e  of c l a r i f i c a t i o n  remains t o  be discussed. 
The terminal  v e l o c i t i e s  a t  s e t t l e r  operat ing condi t ions ,  f o r  t h e  median and 75$ 
p a r t i c l e  Sizes  were c a l c u l a t e d  by Stokes l a w .  The d e n s i t i e s  and v i s c o s i t i e s  of the  
var ious mater ia l s  used i n  t h e s e  ca lcu la t ions  were taken from c o r r e l a t i o n s  previously 
reported .( 3, The r e s u l t s  are shown i n  Table V I I I .  

It is immediately apparent ,  t h a t  e f f i c i e n t  cap ture  is achieved f o r  many of the  
p a r t i c l e s  a t  upflow v e l o c i t i e s  g r e a t l y  exceeding t h e  te rmina l  ve loc i ty .  P a r t  of this 
phenomenon is due t o  t h e  capture  o r  "trapping" of f i n e  p a r t i c l e s  by t h e  aggregate of 
p a r t i c l e s  i n  t h e  "hindered" s e t t l i n g  system. 
I re land  coa l  dispersed 8nd s e t t l i n g  i n  hydrocarbons confirmed t h i s  phenomenon. How- 
ever, t h e  r a t e  of  s e t t l i n g  of  these  s l u r r i e s  was considerably slower t h a n  t h a t  of the  
e x t r a c t i o n  e f f l u e n t s  having s i m i l a r  nominal p a r t i c l e  s i z e  d i s t r i b u t i o n .  

Experiments i n  model systems of  f i n e  

I t  is  concluded t h a t  t o  a considerable  degree, t h e  h igh  r a t e  of s e t t l i n g  is 
a t t r i b u t a b l e  t o  t h e  agglomeration of t h e  f i n e  res idue  p a r t i c l e s  with t h e  prec ip i ta ted  
e x t r a c t  behaving as t h e  "binder". The higher  s e t t l i n g  r a t e  of t h e  2/1 versus t h e  
1.5/1, solvent- to-coal  r a t i o  s l u r r i e s ,  i s  cons is ten t  with t h i s  assumption and the 
observat ion t h a t  a higher  percentage of e x t r a c t  is p r e c i p i t a t e d  on cool ing t h e  higher  
solvent-to-coal r a t i o  s l u r r i e s .  
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Inc identa l ly ,  the  apparent anomaly of lower e x t r a c t  s o l u b i l i t y  a t  higher  solvent /  
e x t r a c t  r a t i o s  i s  cons is ten t  w i t h  e a r l i e r  measurements .( 

Brownine Mine Coal 

The deashing r e s u l t s  of t h e  continuous operat ions,  a s  i n  t h e  previous case of 
I re land  coal ,  a re  cons is ten t  with t h e  batch data, a s  can be seen by comparison of da ta  
i n  Tables VI and V I I .  

P a r t i c l e  s i z e  d i s t r i b u t i o n  of e x t r a c t i o n  res idue  f o r  t h e  Browning M i n e  coa l  is 
shown i n  Figure 6. Comparing r e s u l t s  with I r e l a n d  c o a l ,  it i s  seen t h a t  t h e  residue 
p a r t i c l e s  are f i n e r  and u n l i k e  t h e  I re land  case,  t h e i r  s i z e  i s  r e l a t i v e l y  i n s e n s i t i v e  
t o  e x t r a c t i o n  condi t ions.  

The smaller p a r t i c l e  s i z e  is  one reason f o r  t h e  low s e t t l i n g  r a t e  of t h e  Browning 
Mine ex t rac t ion  e f f l u e n t s .  Another reason is t h a t  i n  c o n t r a d i s t i n c t i o n  t o  t h e  
I re land  coal  case, l i t t le  or no e x t r a c t  comes out  of s o l u t i o n  on cool ing.  

The funct ion of decane addi t ion  l i k e l y  i s  t o  p r e c i p i t a t e  a p o r t i o n  of the  e x t r a c t  
and thus cause agglomeration of t h e  f i n e  res idue  p a r t i c l e s  t o  enhance t h e i r  s e t t l i n g  
r a t e .  Like the  I r e l a n d  case,  t h e  p r e c i p i t a t e d  e x t r a c t  i s  l a r g e l y  composed of benzene 
inso lubles .  

The e f f i c i e n c y  of c o l l e c t i o n  of f i n e  p a r t i c l e s  is b e t t e r  f o r  t h e  Browning Mine 
c o a l  a f t e r  addi t ion  of decane than  i n  t h e  corresponding case f o r  I r e l a n d  Mine coal  
where no decane i s  used. This  can be seen by comparison of F igures  7 and 8 .  I t  is 
concluded t h a t  decane addi t ion  i s  very e f f e c t i v e  i n  causing agglomeration of f i n e  
p a r t i c l e s .  

Extensive da ta  have not  been obtained with o t h e r  coa ls ,  but  subbituminous coa ls  
from Montana behave s i m i l a r l y  t o  t h e  Browning Mine coa l .  I l l i n o i s  bituminous coa ls  
show an  intermediate  behavior, i .e . ,  s e t t l i n g  may be achieved without addi t ive ,  but  
not a t  a s  high a r a t e  as  i n  the I re land  coa l  case. 

The e x t r a c t s  of lower rank  coa ls  appear t o  be lower i n  benzene so lubles ,  and t h i s  
may a l s o  explain the  f a c t  t h a t  e x t r a c t  p r e c i p i t a t i o n  does not occur on cool ing but 
r e q u i r e s  addi t ion  Of a deasphal t ing so lvent .  A comparison, given below, of t h e  
residuum overflow e x t r a c t  f o r  two "comparable" runs with I re land  Mine and Browning 
Mine coa l  i l l u s t r a t e s  t h e  lower benzene inso luble  content  f o r  t h e  e x t r a c t  i n  t h e  
l a t t e r  case: 

Coal I re land  Mine Browniw Mine 

Condition or Run No. Condition C Run 45 

Extract ion Depth 76 68 
Overflow Residuum Ext rac t  

Solvent/Coal Rat io  2 2 

Solvent Frac t iona t ion ,  W t  4 
Benzene Inso lubles  33.2 20.1 
Asphaltenes 39.4 48.5 
Heavy O i l  27.3 31.4 
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TABLE I 

Analvsis  of Coal Feedstocks 

Coal 

Proximate Analvsis. MF W t  % 
Volat i le Matter 
Fixed Carbon 
Oxidized Ash 

Elemental h a l v s i s .  MF W t  % 
Hydrogen 
Carbon 
Nitrogen 
Oxygen ( d i f f e r e n c e )  
Sul fur  ( t o t a l )  
S u l f u r  ( p y r i t i c )  
S u l f u r  (organic)  

Wet Screen h a l v s i s .  MF W t  % 
+60 mesh 

60 x 100 mesh 
100 x 200 mesh 
200 x 325 mesh 

-325 mesh 

Heating Value, Btu/Mf l b  

Max. Gieseler F l u i d i t y ,  DDPM 
a t  Temperature, 9 

Jreland Mine 

42.4 
50.0 

7.6 

5.36 
75.75 

1.44 
6.67 
3.87 
1.74 
2.13 

0 
3.8 

28.9 
32.1 
35.2 

13,407 

> 24,000 
a t  774'F 

Brownip  Mine 
Batch 4 Batch B 

41.1 40.9 
51.3 51.9 

7.6 7.2 

5 -05 5.03 
74.58 76.06 
1.39 1.31 

10.32- 10.06 
1.06 0.40 
0.32 0.07 
0.74 0.33 

0 0 
1.9 26.2 

26.2 26.6 
25 .O 16.9 
46.9 30.3 

-- 13,402 

-<I- 



.Source 

Cresap Run No. 

Ultimate Analvsis. w t  $ 
Hydrogen 
Carbon 
Nitrogen 
Oxygen ( d i r e c t )  
Sulfur 
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TABLE I1 

Analvsis  of Natural Solvents  

TEP D i s t i l l a t i o n .  w t  $ 
I E P O C  

IBP x 25OoC 
250 x 300OC 
300 x 350'C 
35c x 474OC 

+474OC 
Holdup + Loss 

Chromatographic Analvs is .  W t  $ 
Light Ends 
Tetral in  
Unidentif ied 
Naphthalenes 
Unidentif ied 
Methylnaphthalenes 
Higher Boi lers  

56 
Hvdro O U  Recvcle O i l  

9.56 9.08 
90.04 89.92 
0.37 0.16 
0.24 0.60 
0.15 0.25 

180 200 
34.2 35.4 
27.9 48.9 
20 .O 9.5 
8 . 9  3.6 
7.7 2.0 
1 . 3  0.6 

23 .O 12.9 
2.7 0 . 9  

20.0 11.2 
3.1 3.6 
5.9 2.3 

11.9 19.2 
33.4 49.9 



91 

TABLE 111 

Batch Ex t rac t ion  and S e t t l i n g  
Resul ts  with I r e l and  Mine Coal .  

A.  Emer imenta l  Conditions 

&&srl A 

Solvent 

Solvent/MF Coal, W t .  Ra t io  
Extract ion Temperature, OF 
Extract ion Residence Time, min. 
S e t t l i n g  Temperature, OF 

259 H Y ~ O  o i l  
75% Recycle O i l  

1.5 
710 
60 
600 

B. Emer imenta l  Resul t@ 

Extract ion Depth, $ of MAF Coal 
I n i t i a l  S e t t l i n g  Rate, in/min 

Prope r t i e s  of Extract i n  
C l a r i f i e d  Laver. W t  $ 
Cresol Insolubles  
To ta l  Ash 
Fine Ash (-.45 p d ia . )  

77 
2 .o 

3.3 
0.14 
0.11 

B 

100% Hydro O i l  

1.5 
710 

60 
600 

86 
0.4 

2 .a 
0.27 
0.14 
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TABLE IV 

Summarv of Continuous Ext rac t ion  Resul ts  

Condition 

Recvcle Solvent  
Hydro O i l  

So lvent /m Coal 
S l u r r y  Feed Rate, lb /hr  
Ext rac t  i o n  Temperature , OF 
Residence Time,  min 

Yields .  W t  $ M&F Coal  
Conversion 
Ext rac t  + Polymer 
Water 
Gases + H,S + NH, 
MAr' Residue 
Total  

Polymerized Solvent P l u s  
H ,  Transfer, W t  $ MAF Coal 

A.  Conditions 

A 

3 

1.5 
30.5 

750 
24 

B. Resul t s  

78.3 
84.9 

2.4 
1.2 

LaL 
110.2 

10.2 

0 

1.5 
13.8 

727 
54.8 

85.1 
86.3 

3.7 

14.9 
104.9 

4.9 

2 

3 

2 
30.6 

740 
24.1 

76.4 
77 .o 
1 . 4  
0.9 

23.6 
102.9 

2.9 

0 

2 
28.9 
745 

25.2 

85.5 
85 .O 
1 .o 
1.3 

102.9 
15.6 

2.9 
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Extrac t  ion  Condition 

Solvent/hdF Coal, W t  Rat io  

Coal Conversion, w t  4 
S e t t l e r  Temperature, OF 

Overflow Rates, lb /hr - f t2  

W t  $ of Ash Out 
To Overflow 
To Underflow 

Ext rac t  Q u a l i t v .  W t  $ 
W t  $ Tota l  Ash 
W t  $ Fine Ash (--45 p )  

TABU V 

E f f e c t  of Ext rac t ion  Conditions 
on S e t t l e r  Performance 

1- B C ( ' )  D D ( 2 )  

1.5 1.5 2 2 2 

78 85 76 84 85 

< 600 

247 239 516 489 524 

2.5 33.2 1.5 1 .4  2 .o 
97.5 66.8 98.5 98.5 98.0 

0.22 3.30 0.16 0.16 0.21 
0.08 0.12 0.04 0.09 0.06 

Extrac t  Recovery i n  Overflow, 
W t  $ of Feed t o  S e t t l e r  

(1) 135% s t o i c h i m e t r i c  H,SO, added. 
( a )  106% s to ich iometr ic  H,SO, added. 

\ 

86.6 88.3 84.9 84.2 85.6 
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TABLE V I 1  

Continuous Ext rac t ion  and S e t t l i n g  
Resul t s  with Browning Mine Coal 
Ext rac t ion  Solvent/MF Coal = 2.08 

S e t t l e r  Temperature = 600'F 
Ext rac t ion  Temperature = 775'F 

Feed Solvent = 49.49 te t ra l in-50 .4% methylnaphthalene 

Run No. 

Slur ry  Feed Rate, lb/hr  
Residence Time, min 

Yields .  W t  % MAF Coal 
Conversion 
Ext rac t  

Decane/Extraction Solvent ,  W t  Ra t io  

Overflow Rate, lb /hr - f t2  

S e t t l e r  Upflow Veloci ty ,  in/min 

W t  $ of Ash Fed t o  Settler i n  Overflow 

Product Extract  Ash Content, W t  $ 

45-1 

14.7 
42.6 

69.6 
58.5 

0.104 

286 

1.12 

30.7 

4.05 

a 
15 .O 
41.3 

66.8 
51.9 

0.133 

282 

1.16 

14  .O 

2.35 

45-3 

15.1 
40.9 

- 

68.2 
52.8 

0.200 

303 

1.29 

5.9 

0.95 

45-4 

14.9 
41.2 

69.4 
55 .o 

0.252 

286 

1.28 

1.1 

0.24 

45-5 

13.8 
43.5 

- 

67.4 
60.5 

0.309 

304 

1.35 

0.8 

0.12 

, 

I 

b' 

A 
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TABLE V I I Z  

Terminal Ve loc i t i e s  of Extraction 
Residue Part i c l e s  

Condition 

Solvent/Coal Rat i o  
Conversion 

Median(') Part ic le  S i z e ,  
Terminal Velocity,  in/min 

75$(2) Part ic le  s i z e ,  
Terminal Velocity,  i n b i n  

I n i t i a l  Se t t l ing  Velocity of Slurry 

A -  B 

1 . 5  1 .5  
78 85 

20 12 
0 .42  0.15 

54 22 
3.1 0.51 

2 .o 0 . 4  

( I )  50% of part i c l e s  smaller than s i ze  given. 
( 2 )  754 of par t i c l e s  smaller than s i ze  given. 

c 2 

2 2 
76 85 

28 16 
0.82 0.27 

70 ' 34 
5 .1  1 . 2  
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Figure 2 
Ash Breakthrough To Settler Overflow 

1-1 /2:1 S/C Ratio 70-80% Conversion Condition A 

0 V= LlJFLDW 
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VI 
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Figure 3 

Browning Mine Coal 
Relation Between Coal Conversion Br Hydrogen Tmnsfer 

Run X Tetralin Residence SIC Coal 
Point 191.01 I n  Solvent Temperoture Time (Min.) Ratio Botch -- -- 

I 41 
2 35 
3 44 
4 40 
5 3 4  
6 4 6  
7 51 
8 36 

0 
50 
28.9 
50 
50 
50 
50 
50 

749 O F  

7 I3 
746 
754 
749 
770 
772 
774 

24. I 
20.9 
23.5 
26.8 
42.4 
42.6 
43.4 
41.5 

4 A 
I .5 A 
3 A 

1.5 A 
I .5 A 
2 A 
2 6 
IS A 

HYDROGEN TRANSFER, WT. % MAF COAL 
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Figure 4 
Comparison Of Observed And Predicted 

Hydrogen Transfer From Continuous Extraction 
Runs With Browning Mine Coal 
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Figure 5 
Effect Of Temperature And Decane Proporation 
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Figure 6 

Particle Size Of Insolubles 

PARTICLE SIZE, MICRONS 

,4 

\I 
4 



W -  
0 

i ! 8  
lWAOW3tl 

103 

d n 



I n 
c a# cn .. 
(d 
C 

d - 

3 

0 
I 
. 

W 

v) 
r! 

0 

0 



105 

DEASHING OF COAL LIQUEFACTION PRODUCTS V I A  PARTIAL 
DEASPHALTING. I1 - HYDROGENATION AND HYDROEXTRACTION EFFLUENTS 

Evere t t  Gorin, C.  J.  Kulik and H .  E .  Lebowitz 

Research Divis ion 
Conoco Coal Development Company 

Library,  Pennsylvania 15129 

INTRODUCTION 

A previous paper described t h e  deashing of e x t r a c t i o n  e f f l u e n t s  produced by 
hydrogen-donor e x t r a c t i o n  of bituminous and subbituminous coa ls  .( ) 
descr ibed was the use of batch and continuous g r a v i t y  s e t t l i n g  with and without t h e  
use of deasphalting so lvents  t o  acce lera te  the  s e t t l i n g  process .  

The method 

The present  paper presents  da ta  on t h e  extension of t h e  same deashing technique 
t o  c o a l  l iquefac t ion  products  produced by d i r e c t  hydrogenation of I l l i n o i s  NO. 6 
bituminous coa l .  Deashing experiments were conducted both with products  produced by 
liquid-phase hydrogenation i n  the  presence of an e b u l l a t e d  bed of hydrofining type 
c a t a l y s t  (H-Coal Process){') and with p o u c t s  produced by hydroextract ion,  i.e., 
without added c a t a l y s t  (PAMCO Process)  .f37 

I n  cont ras t  with t h e  previous donor e x t r a c t i o n  case ,  t h e  a d d i t i o n  of a deasphal t -  
ing solvent  was required i n  both t h e  H-Coal and hydroextract ion c a s e s  t o  achieve an 
acceptable  rate of deashing. 

The hydroextract ion products  were produced i n  t h e  CCDC bench-scale u n i t .  Data 
are presented with respect  t o  so lvent  balance, product y i e l d s  and p r o p e r t i e s  i n  
hydroextract ion a s  w e l l  a s  t h e  deashing behavior of t h e  hydroextract ion e f f l u e n t s .  
Continuous u n i t  data  are presented i n  d e t a i l  for t h e  hydroextract ion work while the 
batch work is b r i e f l y  summarized. 

Data are presented f o r  deashing of H-Coal bottoms i n  both batch and continuous 
u n i t s .  

EXPERIMEFWAL 

H-Coal Bottoms - Mater ia l s  and Procedure 

The bas ic  mater ia l  f o r  t h e  deashing s t u d i e s  was t h e  vacuum bottoms from proces- 
s ing of I l l i n o i s  No. 6 coa l  v i a  t h e  H-Coal Process .  The mater ia l  was produced by 
Hydrocarbon Research, Inc.  f o r  t h e  Off ice  of Coal Research i n  t h e i r  8" I.D. Process 
Development Unit .  The d e t a i l e d  condi t ions f o r  production of t h i s  m a t e r i a l  a r e  given 
i n  Table 15 of Reference ( 2 ) .  Operating condi t ions were varied somewhat during t h i s  
run. The average operat ing condi t ions were 2700 p s i g ,  30 l b s  coal  fed /hr - f t3 ,  825'F 
and an average c a t a l y s t  age of 230 hours. 

The mater ia l  "as received" cons is ted  of t h e  vacuum d i s t i l l a t i o n  res idue  from the  
H-Coal hydro bottoms. 
o i l s  removed. The ana lys i s  of t h e  mater ia l  is given i n  Table I .  

The mater ia l  accordingly had most of the  -975OF d i s t i l l a t e  

The deashing i n  p r a c t i c e  l i k e l y  would be done p r i o r  t o  removal of t h e  d i s t i l l a t e  
o i l s .  The mater ia l  w a s  accordingly r e c o n s t i t u t e d  t o  s imulate  i t s  o r i g i n a l  form by 
s o l u t i o n  a t  600OF i n  n a t u r a l  recyc le  so lvent  from Cresap, W. Va. 
p a r t s  solvent  t o  1 p a r t  of vacuum bottoms was used f o r  both batch and continuous runs. 

A r a t i o  of 1.25 

The o r i g i n  and analyses  of t h e  Cresap recyc le  solvent  were given previously.( ' )  
n-Decane ( P h i l l i p ' s  Technical Grade Minimum Pur i ty  954) wa8 used exc lus ive ly  a s  t h e  
deashing solvent  in t h i s  work. 
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The batch s e t t l i n g  experiments were c a r r i e d  out i n  t h e  same manner as  previously 
descr ibed f o r  coal  e x t r a c t i o n  products .  
s t i r r i n g  t o  720°F, n-decane w a s  then added i n  prescr ibed  amount and t h e  mixture cooled 
t o  600'F. The a g i t a t i o n  was stopped and t h e  s l u r r y  allowed t o  sett le.  Both s e t t l i n g  
r a t e s  and c l a r i t y  of the  upper phase a f t e r  about t h r e e  hours of s e t t l i n g  were 
determined. 

The "reconst i tuted" s l u r r y  was heated with 

The same continuous u n i t ( ' )  used f o r  e x t r a c t i o n  and deashing of e x t r a c t i o n  e f f lu-  
e n t  was used f o r  deashing of t h e  "reconst i tuted" H-coal bottoms. The e x t r a c t o r  i n  
t h i s  case served t o  preheat  t h e  s l u r r y  t o  720°F. n-Decane was introduced i n t o  the 
middle s t a g e  of t h e  e x t r a c t o r .  
the  s e t t l e r  which was a l s o  operated a t  600'F. Only one continuous run was made due t o  
l i m i t a t i o n s  i n  supply of m a t e r i a l .  

The o u t l e t  s l u r r y  was cooled t o  600'F before enter ing 

The u n i t  was s t a r t e d  with solvent  flow through a l l  vesse ls  u n t i l  proper tempera- 
t u r e  condi t ions were e s t a b l i s h e d .  The H-Coal s l u r r y  was then passed through t h e  uni t  
f o r  a line-out per iod  of n ine  hours t o  displace t h e  s ta r t -up  so lvent .  A mater ia l  
balance ensued f o r  a per iod  of four  hours  during which t i m e  samples of a l l  appropriate  
streams were taken f o r  ana lyses .  

Hvdroextraction - Mater ia l s  and Procedure 

The hydroextract ion work was c a r r i e d  out  with an  I l l i n o i s  N o .  6 bituminous coal  
from t h e  Burning S t a r  Mine of Consolidation Coal Co. Analysis of t h e  coa l  as fed t o  
t h e  hydroextract ion u n i t  is given i n  Table I .  

A batch program was c a r r i e d  out pr ior  t o  t h e  continuous work i n  t h e  same one- 
g a l l o n  autoclave previously used f o r  donor extract ion.!  ') 
solvent  and n-decane a s  d e a s h i  so lvent .  The experimental procedure was very s imi la r  
t o  t h a t  previously d e s c r i b e d . ( T  The autoclave was heated t o  825-850'F with pure H, 
flowing slowly through t h e  autoclave maintained a t  lo00 ps ig .  The hydrogen flow was 
then  stopped, n-decane added, and t h e  reac tor  cooled t o  600-F. 
stopped f o r  measurement of t h e  s e t t l i n g  r a t e .  

Anthracene o i l  was used as 

The a g i t a t i o n  was 

Continuous hydroext rac t ion  runs were c a r r i e d  a t  two operat ing pressures  of 950 
p s i g  and 2000 ps ig ,  r e s p e c t i v e l y .  

m e r a t i o n  a t  950 wig 

previously i n  t h e  donor e x t r a c t i o n  work.(') 
da te  t h e  use of hydrogen a s  shown i n  t h e  schematic flow diagram of Figure 1. 
F a c i l i t i e s  were added f o r  feeding  a metered stream of pure hydrogen. The hydrogen 
was preheated and added t o  t h e  feed s l u r r y  j u s t  before  t h e  l a t t e r  en tered  the  hori-  
zonta l  s t i r r e d  prehea ter  . 

The 950 psig runs were,conducted with e s s e n t i a l l y  t h e  same equipment as used 
Revisions were made, however, t o  accommo- 

Another s u b s t a n t i a l  change was the  in t roduct ion  of a primary r e c e i v e r  or  "hot 
separator" between t h e  e x t r a c t o r  and t h e  addi t ive  contac tor .  
the  gas  and v o l a t i l i z e d  so lvent  from the  product s l u r r y .  The primary rece iver  was 
normally operated a t  650°F. 

This  served t o  disengage 

The operat ion of t h e  h o t  separa tor  r e s u l t e d  i n  a removal of a considerable  
f r a c t i o n  of the product s l u r r y  as vapor. The experimental r e s u l t s  shown i n  Table I1 
g ive  t h e  a c t u a l  l i q u i d  f e e d  r a t e  t o  the  settler as  a weight f r a c t i o n  of s l u r r y  feed 
t o  the  hydroextract ion u n i t .  

The l i q u i d  l e v e l  i n  t h e  separa tor  was maintained by operat ion of a tungsten 
carbide-trimmed, let-down valve actuated by a l i q u i d  l e v e l  c o n t r o l l e r .  The f i n a l  
product was s i m i l a r l y  handled i n  t h e  overflow r e c e i v e r  where t h e  product was l e t  
down t o  t h e  pot of a vacuum st i l l .  

A s e r i e s  of runs was f i r s t  conducted while bypassing the s e t t l e r  t o  survey the 
e f f e c t  of the  var iab les .  

/' 
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The s ta r t -up  so lvent  was a coal- tar  der ived anthracene o i l  obtained from A l l i e d  
Chemical Co. The o i l  was s t a b i l i z e d  before  use by running i t  through t h e  u n i t  with 
hydrogen a t  950 ps ig ,  but without coal  added, f o r  s i x  cyc les .  
removed by f r a c t i o n a t i o n  i n  t h e  vacuum s t i l l .  The s t i l l  was operated i n  a S e m i -  
continuous fashion.  Before t h e  contents  of t h e  pot  were removed, feed to the  S t i l l  
was in te r rupted ,  t h e  vacuum was reduced t o  1 mm Hg while t h e  temperature of t h e  
s t i r r e d  l i q u i d  i n  t h e  pot was maintained a t  24OoC u n t i l  no more vacuum d i s t i l l a t e  was 
co l lec ted .  The composition of t h e  "s tab i l ized"  anthracene o i l  i s  given i n  Table 11. 

The second s e r i e s  of runs was conducted with t h e  settler operat ing and n-decane 

Polymer formed was 

added t o  increase s e t t l i n g  r a t e .  

A f i n a l  series of runs was conducted i n  an attempt t o  genera te  n a t u r a l  so lvent .  
To minimize physical  so lvent  losses ,  t h e  opera t ion  of the  settler was bypassed. The 
t o t a l  hydroextract ion e f f l u e n t  was processed through t h e  vacuum s t i l l  t o  recover  a l l  
d i s t i l l a t e s .  The overhead d i s t i l l a t e  was then  f r a c t i o n a t e d  i n  a continuous atmos- 
pher ic  f r a c t i o n a t i n g  column packed with Goodloe packing, and having t h e  equivalent  of 
about 50 t h e o r e t i c a l  p l a t e s .  The l i g h t  c u t  b o i l i n g  below 24OoC a t  1 atm was removed 
i n  t h i s  way before  recyc le  of t h e  solvent  t o  the  e x t r a c t i o n  u n i t .  

Two types of operat ion were conducted i n  t h e  above recyc le  so lvent  program. The 

The second operat ion consis ted of a "hybrid" type operat ion where e i t h e r  one- 
i n i t i a l  method cons is ted  of d i r e c t  recycle  of spent  solvent  t o  t h e  hydroextract ion 
u n i t .  
h a l f  or a l l  of t h e  recovered solvent  was rehydrogenated o v e r  a fixed-bed, n icke l  moly- 
bdate  c a t a l y s t  before  recycle  t o  t h e  hydroextract ion u n i t .  The f i n a l  opera t ion  
returned t o  d i r e c t  recyc le .  Resul ts  of t h e  f i n a l  recyc le  opera t ion  only a r e  repor ted  
here .  

The hydroextract ion was normally operated with a stirrer speed of 600 rpm. The 
system was inoperable due t o  coke formation when t h e  stirrer speed was reduced t o  
300 rpm. 

a e r a t i o n  a t  2000 wig 

The 2000 psig operat ions were conducted i n  a s i m i l a r  manner. A new f ive-s tage,  
s t i r r e d  e x t r a c t o r  was b u i l d  f o r  the  higher  pressure  with o v e r a l l  dimensions of (pre-  
h e a t e r  and e x t r a c t o r )  of 5.2" I .D .  by 49.8" i n  he ight .  

The i n i t i a l  operat ions a t  2000 ps ig  were conducted i n  two phases without opera t ion  
of t h e  s e t t l e r .  The f i r s t  phase consis ted of a shor t  study of the  system var iab les  
using t h e  anthracene o i l  s t a b i l i z e d  a t  2000 ps ig .  The second phase c o n s i s t e d  of opera- 
t i o n  at  constant  operat ing condi t ions t o  generate  n a t u r a l  so lvent .  

The na tura l  solvent  was then  used i n  a f i n a l  campaign i n  which both t h e  continu- 
ous e x t r a c t i o n  and settler u n i t s  were operated simultaneously. I n  t h i s  campaign t h e  
overflow and underflow streams were mixed and sen t  t o  the  vacuum s t i l l  f o r  recovery 
of so lvent .  n-Decane was again used exc lus ive ly  a s  t h e  deashing so lvent  i n  t h i s  work. 

The vacuum s t i l l  during t h e  ZOO0 p s i g  hydroextract ion campaign w a s  operated t o  a 
f i n a l  pot temperature of 290°C a t  1 mm Hg, as  cont ras ted  t o  t h e  f i n a l  pot  temperature 
of 240% a t  1 mm Hg used i n  t h e  950 p s i g  campaign. The corresponding atmospheric 
b o i l i n g  poin ts  a re  474OC and 535'C, respec t ive ly .  
t h a t  some lower-boiling mater ia l s  w i l l  be re ta ined  i n  t h e  pot  l i q u i d s  by v i r t u e  of 
d i l u t i o n  with higher-boi l ing residue.  

It should be recognized, of course,  

Analyt ical  and Calcula t iona l  Procedure 

The a n a l y t i c a l  procedures were f o r  the  most p a r t  i d e n t i c a l  t o  those reported 
e a r l i e r  . ( I )  
used i n  the €I-Coal work ins tead  of c reso l  ( i n  a l l  o ther  work) t o  c h a r a c t e r i z e  t h e  
quant i ty  of inso luble  res idue.  Resul ts  of t h e  two so lvents  a re ,  however, very 
s i m i l a r .  Sl ight ly-higher  inso lubles  a r e  obtained with te t rahydrofuran .  

Some s l i g h t  d i f fe rences  a r e  noted, however. Boi l ing te t rahydrofuran  was 
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The c h a r a c t e r i z a t i o n  of t h e  so lvents  by boi l ing  point  i n  t h i s  work was determined 
by r e t e n t i o n  t i m e  i n  gas  chromatography. A Perkin-Elmer 900 gas chromatograph was 
used.  The column used was of an open tubular  type,  100' x 0.0465" I .D. ,  support 
coated with an Apiezon L s u b s t r a t e  containing a f i n e l y  divided s i l i c e o u s  support i n  
t h e  coat ing so lu t ion .  The column r e t e n t i o n  t imes were c a l i b r a t e d  with known compounds 
of t h e  type present  i n  t h e  c o a l  der ived solvent  such a s  t e t r a l i n ,  naphthalene, methyl- 
naphthalenes, phenanthrene, pyrene and chrysene . 

Coal conversion i n  t h e  hydroextract ion runs was defined on the  same b a s i s  as  i n  
t h e  previous donor e x t r a c t i o n  case  .( ') 

The hydrogen consumption was measured i n  two ways, by d i r e c t  measurement of hydro- 
gen gas i n  and out  excluding f l a s h  gases  and by forced elemental balance.  The l a t t e r  
genera l ly  was higher  than  t h e  former as might be expected due t o  small  leaks,  e t c .  
Accordingly, only t h e  l a t t e r  values a r e  repor ted .  

The y i e l d  s t r u c t u r e  and mater ia l  balance werear r ived  at by t h e  following procedure: 

a .  Force H,S, NH, and H,O y i e l d s  by forced  N,  0 and S balances.  
b. Force t o t a l  m a t e r i a l  balance, i . e . ,  solvent  p lus  coa l  p lus  

C.  

H, consumed = products ex H, gas.  
I t e r a t e  s t e p s  a )  and b )  u n t i l  a simultaneous s o l u t i o n  is 
obtained.  

The mater ia l  balance invar iab ly  was q u i t e  good such t h a t  very l i t t l e  forc ing  under 
s t e p  b )  was requi red .  

EXPERIMENTAL RESULTS 

H-Coal Bottoms 

A summary of the  batch deashing runs is given i n  Table 111. The i n i t i a l  s e t t l i n g  
r a t e  f o r  t h e  500 and 600°F r u n s  are p l o t t e d  i n  Figure 2 versus decane/slurry weight 
r a t i o .  I t  i s  noted t h a t  t h e  s e t t l i n g  r a t e s  a re  near ly  i d e n t i c a l  a t  both temperatures. 
When t h e  decane/s lurry r a t i o  w a s  increased t o  0.35, t h e  s e t t l i n g  r a t e  was t o o  f a s t  f o r  
accurate  measurement. Only a minimum r a t e  can be s p e c i f i e d  as  shown i n  Table 111. 

The "equilibrium" c l a r i t y  of the  upper phase is p l o t t e d  against  the  decane/slurry 
It is noted t h a t  a much lower ash "ultimate" product can be 
Wall depos i t s  were noted, however, i n  some of t h e  500°F runs which 

r a t i o  i n  Figure 3. 
achieved at 500°F. 
r a i s e d  some doubt about o p e r a b i l i t y  of a continuous s e t t l e r  operated a t  t h i s  tempera- 
t u r e .  

For  t h i s  reason, t h e  continuous demonstration run was c a r r i e d  out a t  600OF. 
Conditions and r e s u l t s  of t h i s  run are given i n  Table I V .  

The r e s u l t s  of the  cont inuous and batch runs are i n  good agreement. The s e t t l e r  
upflow ve loc i ty  of 0.37 in/min (Table I V )  is equivalent  t o  an i n i t i a l  s e t t l i n g  
ve loc i ty  i n  t h e  batch u n i t  at a s l i g h t l y  lower decane/slurry r a t i o  of 0.20 (Table 111). 
The ash content of 0.13 w t  i s  equivalent  t o  t h e  equi l ibr ium c l a r i t y  of t h e  batch run 
of 0.18 w t  $. 

The amount of p r e c i p i t a t e d  residuum was ca lcu la ted  by t h e  method out l ined  i n  a 
previous paper . ( ' )  
i n  the  same range i n d i c a t e d  by t h e  batch measurements. 

The value obtained, i.e., 7 . 9  w t  $ of the  +474OC feed,  is a l s o  

Recovery of "soluble" residuum i n  the overflow was 76.5%. This value could be 
improved, of course, by back washing of t h e  underflow. 
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Hvdroext r a c t  i o n  

The i n i t i a l  ba tch  experiments on hydroextraction were made wi th  anthracene O i l  
solvent  a t  1000 ps ig ,  825'F e x t r a c t i o n  temperature and 600OF s e t t l i n g  temperatures .  
The settling r a t e  was s u b s t a n t i a l l y  zero  without addi t ion  of deasphal t ing  so lvent .  A 
r e l a t i v e l y  h igh  s e t t l i n g  r a t e  of 1 . 9  in/min was obtained,  however, by a d d i t i o n  of 
decane i n  a weight r a t i o  of 0.3 t o  e x t r a c t i o n  s o l v e n t .  

The i n i t i a l  opera t ions  i n  t h e  continuous u n i t  u t i l i z e d  s t a b i l i z e d  anthracene o i l  
as  t h e  solvent  a t  950 ps ig  t o t a l  p ressure .  A survey of t h e  temperature var iab le  was 
made a t  constant  s l u r r y  f e e d  r a t e  of 30 l b f h r  and constant  t o t a l  p ressure  of 950 ps ig .  
The hydrogen p a r t i a l  p ressure  a t  t h e  e x t r a c t o r  e x i t  was i n  the  range of 800-830 p s i a .  
The optimum temperature a t  t h i s  pressure was 800°F, giving a conversion of 825, a s  
r e s u l t s  i n  Table V i n d i c a t e .  
study, however, s i n c e  t h e  residuum e x t r a c t  showed a more favorable  lower sulfur con- 
t e n t ,  i.e., 0.86% S versus 1.M S a t  800°F, a s  noted i n  Table V.  

A temperature of 825'F was chosen f o r  more i n t e n s i v e  

I t  was t h e r e f o r e  decided t o  generate  n a t u r a l  so lvent  from c o a l  by continuous 
recovery and r e c y c l e  of so lvent  a t  825'F and t o  simultaneously s tudy t h e  deashing and 
e x t r a c t i o n  during t h e  production of t h e  n a t u r a l  so lvent .  

The deashing v ia  continuous s e t t l i n g  wi th  decane a d d i t i o n  was s t u d i e d  e a r l y  i n  
t h e  solvent  recyc le  program. A t y p i c a l  r e s u l t  i s  shown i n  Table V I  where good deash- 
ing  was obtained a t  a decane-to-extraction so lvent  r a t i o  of 0.29 and a settler upflow 
ve loc i ty  of 1 infmin. 
above where under comparable condi t ions t h e  i n i t i a l  s e t t l i n g  ve loc i ty  was 1.7 infmin. 

This r e s u l t  is roughly i n  agreement with batch r e s u l t s  c i t e d  

The so lvent  recyc le  program was f i n a l l y  abandoned a f t e r  i t  was found t h a t  the  l o w  
pressure  operat ion could not be se l f - sus ta ined  without p e r i o d i c  a d d i t i o n  of f r e s h  
anthracene o i l .  

The f a i l u r e  t o  c lose  solvent  balance i s  c l e a r  from t h e  product y i e l d s  c i t e d  i n  
Table V. The da ta  a t  825°F and 950 p s i g  represent  average performance a f t e r  about 25 
cyc les .  I t  i s  noted t h a t  t h e r e  is a net  def ic iency  of 5.2% of recycle solvent  i n  t h e  
b o i l i n g  range used, i.e., 240 x 474'C. The use of a h igher  endpoint ,  a s  noted, i n  
Table V would have s u b s t a n t i a l l y  reduced t h e  so lvent  d e f i c i t  but would not  have e l i -  
minated it. A t  any r a t e ,  handling l o s s e s  were s u f f i c i e n t l y  high such t h a t  it would 
have been impossible t o  genera te  pure n a t u r a l  so lvent  even with t h e  h igher  d i s t i l l a -  
t i o n  endpoint. Accordingly, no f u r t h e r  deashing s t u d i e s  were c a r r i e d  out  a t  t h e  low 
pressure  l e v e l .  

It  i s  apparent ,  however, from t h e  da ta  given i n  Table 11, t h a t  s i g n i f i c a n t  even 
though p a r t i a l  displacement of t h e  i n i t i a l  solvent  w a s  obtained i n  t h e  950 p s i g  
operat ion.  This is i l l u s t r a t e d  by t h e  lower b o i l i n g  range and h igher  hydrogen content  
a f t e r  25 cyc les  a s  compared with t h e  s t a b i l i z e d  anthracene o i l .  

The hydroextraction opera t ion  was then  c a r r i e d  out a t  a h igher  t o t a l  p ressure ,  
i .e.,  ZOO0 p s i g ,  with a hydrogen p a r t i a l  p ressure  approximately 1850 p s i a .  A so lvent  
surp lus  was r e a d i l y  generated a t  2000 ps ig ,  p a r t l y  because of t h e  h igher  pressure  and 
p a r t l y  because of t h e  higher  d i s t i l l a t i o n  endpoint used i n  recovery of recyc le  
s o l v e n t .  

Steady opera t ion  was sus ta ined  f o r  a t o t a l  of 500 hours u n t i l  t h e  i n i t i a l  so lvent  
was l a r g e l y  displaced.  The product and y i e l d  d i s t r i b u t i o n  a f t e r  genera t ion  of n a t u r a l  
solvent  is g iven  i n  Table V .  The p r i n c i p a l  d i f fe rences  as compared with t h e  950 p s i g  
operat ion,  i .e ., higher  c o a l  conversion, p o s i t i v e  n e t  so lvent  genera t ion ,  h igher  over- 
a l l  d i s t i l l a t e  y i e l d  and lower e x t r a c t  s u l f u r  conten t ,  are c l e a r  from t h e  da ta  pre- 
sented i n  Table v .  The apparent reduct ion  i n  e x t r a c t  s u l f u r  i s  not  very g r e a t ,  i.e., 



110 

0.86 t o  0 . 7 .  The a c t u a l  reduct ion  l i k e l y  is considerably g r e a t e r .  The s u l f u r  content  
of the  950 psig residuum i s  a r t i f i c i a l l y  low s ince  it conta ins  a s i g n i f i c a n t  quant i ty  
of 474 x 535'C so lvent  polymer and heavy o i l  not present  i n  t h e  2000 ps ig  product. 

The continuous deashing of t h e  2000 ps ig  product with n-decane addi t ive  was then 
s tudied  with the r e s u l t s  shown i n  Table V I .  I t  i s  again shown t h a t  very l i t t l e  ash 
removal i s  obtained without addi t ion  of decane. Almost complete deashing is achieved 
by use of a r a t i o  of decane-to-extraction so lvent  of 0.50. A t  t h i s  condi t ion,  it was 
determined by the  method o u t l i n e d  previous ly , ( ' )  t h a t  the  deashing was accompanied by 
p r e c i p i t a t i o n  of 16 w t .  $ of t h e  cresol-soluble  residuum fed  t o  t h e  sett ler.  

DISCUSSION OF RESULTS 

The p a r t i c l e  s i z e  d i s t r i b u t i o n  of the c r e s o l  inso lubles  i n  t h e  H-Coal bottoms 
hydroextract ion a t  ZOO0 and 950 p s i g  a r e  compared i n  Figure 4 .  I t  is  noted, i . e . ,  
t h e  s i z e  of the  res idue  decreases  with increasing s e v e r i t y  of hydrogenation i n  going 
from 950 t o  2000 ps ig  hydroext rac t ion  t o  2700 p s i g  c a t a l y t i c  hydrogenation (H-Coal). 
A l l  of t h e  products show a f i n e r  s i z e  res idue than t h e  donor e x t r a c t i o n  products 
discussed i n  the e a r l i e r  paper  .( ') 

The r e l a t i v e  ease  of deashing might be expected t o  fol low the  same sequence a s  
res idue  s i z e .  The r e s u l t s  i n  Table VI are  i n  agreement with t h i s  i n  t h a t  a higher  
decane-to-extraction s o l v e n t  r a t i o  is required t o  deash t h e  ZOO0 p s i g  a s  compared with 
t h e  950 p s i g  hydroextract ion product .  
between t h e  H-Coal and t h e  hydroextract ion products  because of t h e  f a c t  t h a t  the 
l a t t e r  was a r t i f i c i a l l y  " recons t i tu ted"  by use of Cresap recycle  so lvent ,  

Unfortunately, no v a l i d  comparison can be made 

The mechanism of deashing a s  discussed previously,  undoubtedly involves  agglomera- 
t i o n  of f i n e  residue p a r t i c l e s  by p r e c i p i t a t i o n  of heavy a s p h a l t .  

The da ta  i n  Table VI1 c l e a r l y  show t h a t  t h e  benzene-insoluble content fol lows the 
same t r e n d  a s  res idue  s i z e  with increasing s e v e r i t y  of hydrogenation t reatment .  Thus, 
from t h i s  point  of view also, a l a r g e r  quant i ty  of deasphal t ing so lvent  would be 
requi red  t o  achieve an equiva len t  amount of benzene-insoluble r e j e c t i o n .  Unfortunately, 
i n s u f f i c i e n t  data  a r e  a v a i l a b l e  t o  v e r i f y  t h i s  suppos i t ion .  

The f a i l u r e  t o  c l o s e  t h e  so lvent  balance i n  hydroextract ion a t  950 ps ig  is con- 
s i s t e n t  with r e s u l t s  publ i shed  previously.( ') 
so lvent  a t  2000 ps ig  is  c o n s i s t e n t  with recent  r e s u l t s  on t h e  PAMCO process published 
by Anderson.(') 

The successfu l  generat ion of na tura l  
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Proximate Analysis 
Moisture and D i s t i l l a t e  
1-474'C) Free. W t  46 

V o l a t i l e  Matter 
Fixed Carbon 
Ash Oxidized 
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TABLE I 

Analvsis of Feed Mater ia l s  

I l l i n o i s  No. 6 Coal 
Burning S t a r  Mine H-Coal Vacuum Bottoms 

Ultimate Analvsis 
Moisture and D i s t i l l a t e  
(-474OC) Free. W t  % 

Hydrogen 
Carbon 
Nitrogen 
Oxygen ( d i f f  . ) 
Tota l  Sulfur  
Organic Sulfur  
P y r i t i c  Sulfur  
S u l f a t e  Sulfur  

D i s t i l l a t i o n .  W t  $ 
Disti l lates (-474°C) 
Residue (+474OC) 

Solvent  F r a c t i o n a t i o n  . w t  5 
THF Insoluble  
Benzene Insoluble-THF Soluble  
Asphaltene s 
O i l s  

41.4 
48.4 
10.2 

4.71 
70.79 
1.27 

10.14 
2.93 
2.15 
0.54 
0.24 

0 
100 

Screen Analysis, Tyler 
Mesh. W t  $ 

+ 28 0.1 
28 x 48 1.6 
48 x 100 18 .O 

100 x 200 22.4 
200 x 325 19.5 

-325 38.4 

-- 
24.3 

5.01 
66.63 

1.20 
0.92 
1.98 
1.45 -- 

6.3 
93.7 

38 .O 
7 .O 

29 .O 
26 .O 

P a r t i c l e  S ize  Analysis, 

+26 microns 1.8 
20.7 x 26 3.3 
1 3  x 20.7 13.2 
6.5 x 13.0 34 .O 
4.1 x 6.5 35.7 

-4.1 ' 12 .0  

THF Insolubles  W t  $ 



Boil ing Rawe bv G.C., w t .  % 
-218°C 
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TABJAE I1 

Analysis of Feed and Product 
Recvcle Solvents  

218 x 240OC 
241 x 260'C 
261 x 294OC 
295 x 34OoC 

+34O0c 

Ultimate Analvsis. w t .  % 
Hydrogen 
Carbon 
Nitrogen 
Oxygen 
S u l f u r  

S t a b i l i z e d  After  25 Cycles ,  Natural  Solvent  Af te r  
Anthracene Oil a t  950 usie: Z o o 0  usip Oueration 

0.57 
2.29 
6.91 

28.13 
36.92 
25.18 

5.92 
91.42 
0.94 
1.28 
0.44 

1.12 
5.24 

15.32 
27.98 
33.42 
16.92 

7.48 
90.49 

0.36 
1.52 
0.15 

5.03 
15.33 
18.92 
21.81 
24.09 
14.82 

7.84 
88.43 

0.67 
2.71 
0.35 

TABU 111 

Summary of Batch S e t t l i n g  
Runs with H-Coa l  Bottoms 

Run Number 1 6  - - -  3 5 7 4 

Temperature, "F 
Additive 
Additive/Reconst i t u t e d  

S lur ry ,  W t  Rat io  

500- 600 > 
None n-Decane * 
0.0 0.10 0.35 0.10 0.20 0.36 

Cresau Recvcle Solvent, W t  Ra t io  
€I-Coal Vacuum Bottoms 2.04 1.25 * 
I n i t i a l  S e t t l i n g  Rate, in/min 0.04 0.12 >> 1.1 0.12 0.38 > 1.71 
W t  $ Ash in Ultimate C l a r i f i e d  

P r e c i p i t a t e d  Residuum Solubles ,  
Layer 0.48 0.12 0.02 0.23 0.18 0.11 

W t  $ of Residuum Fed (1) (1) (1) (1) (1) 7.9( 2 )  

(1) 
( 2 )  Determined by f i l t r a t i o n .  

Consis tent  values by solvent  balance could not be obtained. 
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TABLE I V  

Conditions and Resul t s  of Continuous 
DeashiDg Run with H-Coal Bottoms 

Feed Slur ry  

A. Temueratures. "F 
Pumping 
Preheat 
S e t t l e r  

B .  Feed and Product Rates 
Raw Slurry,  Ib/hr  
Decane Feed, W t  $ of S lur ry  
Calculated S e t t l e r  Upflow Veloci ty ,  

infmin 

Product S u l i t .  W t  $ 
Overflow 
Unde r f  1 ow 
V e n t s  - Condensed Vapor 

C .  Product Q u a l i t y  
Ash i n  Overflow, W t  $ 

i n  Total 
i n  +474 C Residuum 

Tota l  Underflow 
i n  +474OC Residuum 

THF Insolubles  i n  Underflow Wt. k 

D. Calculated W t  $ Residuum i n  
Feed P r e c i u i t  a ted  

W t  $ Recovery, THF Soluble Residuum 
i n  Overflow 

E. 

1.25 l b  Cresau Recycle Solvent 
l b  H-Coal Vacuum Bottcans 

600 
720 
600 

31.3 
25 

0.37 

66.1 
28.7 
5.7 

0.034 
0.13 

46.8 
71.9 

7.9 

76.5 
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TABLE V 

Yields  and Solvent Balance i n  
Hvdroextraction 

A .  Conditions 

Total  Pressure,  p s i g  
Extract ion Temperature, OF 
Solvent/MF Coal, W t  Ra t io  
Slurry Feed Rate, lb,/hr 
Coal Throughput, l b  MF/hr-ft3 
Ha Rate, SCF/lb MAF Coal 
H ,  P a r t i a l  Pressure  a t  E x i t ,  p s l a  
Solvent Age, Cycles 

950 
800 
2.5 

30 
38 

27.8 
* 830 

15 

950 
825 

30 
38 

27.8 - 800 
avg. 17 

275 

2000 
822 
2.0 

28.1 
41 

26.3 - 1850 
Natural  

B. Res u l t a  

Coal Conversion, W t  $ of MAF Coal Fed 82.4 77.8 94.3 
w s .  W t  4 of MAF Coal 

MAF Cresol Inso lubles  17.6 22.2 5.7 
Extract  (+474OC Residuum Solubles )  

Water 
Ext rac t  (+535OC " " ) 

H,S + NH, 
co, + co 
CI-C, Hydrocarbons 
C, x 240°C Light  D i s t i l l a t e  
240 x 474°C Recycle Solvent 
240 x 535'C " 

Tota l  

Ha Consumed, W t  $ MAF Coal 
Extract  S u l f u r ,  W t  $ 

+474'C Residuum 
+535OC 

66 .fj 

6.6 
2.5 
1.3 
4.7 
4.1 

-1.9 

101.5 

-- 

-- - 

62.4 
57.8 
6.4 
2.2 
1 .6  
5 .O 
6.8 

-5.2 
-0.6 

101.4 

-- 
56.2 

9.1 
2.3 
1.6 
7.4 
6.6 -- 
14 ,O 

102.9 

1 .s 1.4  2.9 

1 .OO 0.86 -- 
0.7 -- -- 

+I 
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TABLE V I  

Resu l t s  of Deashine Hvdroextraction Ef f luen t  

Ex t rac t  i on  
Solvent /m Coal, W t  R a t i o  
Solvent Age, Cycles 
Temperature, OF 
Pressure,  psig 

Condi t ion ing  
Temperature, OF 
n-Decane/Extract ion Sol vent , W t  Rat i o  

S e t t l i n g  
Temperature, OF 
Free Cross  Section, f t 2  
S e t t l e r  Feed as W t  F rac t ion  of Slurry 

Fed t o  Extractor  
Overflow, lb /h r - f t2  
Overflow Velocity,  in/min 
Underflow, W t  $ of S e t t l e r  Feed 

Resu l t s  
g u a l i t v  of Residuum i n  Overflow. W t  % 

Cresol  Insolubles  
Ash 
Sul fu r  

W t  $ Of Extract  Fed 
Ex t rac t  Recovery i n  Overflow, 

W t  . % of Ash Fed i n  S e t t l e r  Overflow 

2.5 
- 3  
825 
950 

599 
0.29 

611 
.079 

-- 
282 
1 .o 
25.3 

8.6 
0.40 
0 .80 

70.1 

1.6 

2 .o 2 .o 2.0 2.0 

600 * 
0.00 0.31 0.49 0.50 

600 * 

0.75 0.77 0.63 0.70 

0.9 1.6 1.7 1.8 
22.8 17.0 18.9 7.5 

285 368 343 414 

17.1 14.7 0.25 0.14 
11.3 9.9 0.17 0.10 
1.3 1.2 0.65 0.76 

81.1 75.0 69.0 80.4 

54.7 43.8 0.6 0.4 
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I 

TABLE V I 1  

Solvent Fractionation Analyses - Cresol-Soluble Residue 

Process 

Operating Pressure, ps ig  

Operating Temperature, O F  

Benzene Insolubles, w t  $ 
Asphaltenes, W t  $ 
O i l  (+4740c), w t  k 
o i l  (+535Oc), w t  4 

Hydroextrac t ion 

950 2000 

825 8 25 

31.8 17.8 
40.2 60.2 
28 .o -- 

22 .o -- 

€I-Coal Bottoms 

2700 

8 25 

11 .3  
46.8 
41 .9  -- 

? 



a. 
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Figure 2 
SettI ing Rate of H - Coal Bottoms Slurry 

( Effect of Decane Addition 1 
2 

I 
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Figure 3 
Equilibrium" Clarity of Products 

as a Function of Decane Addition 
and Temperature 

II 



121 

Figure 4 
Particle Size of Creso, Insolubles 



122 

BATCH AUTOCLAVE HYDROGENATION OF SOLVENT REFINED LIGNITE 

James Y.F. Low, K.J. Klabunde, D.E. Sevprson, N.F. Woolsey, 

M.L. Mannering, and V . I .  Stenberg 

Department o f  Chemistry 
Un ive rs i t y  o f  North Dakota 

R.J. Ba l t i sberger ,  M. Govek,llM.J. Wolf, J. Rice,] S.T. Switzer,  

Grand Forks, ND 58201 

INTRODUCTION 
A research program has been developed a t  the  Un ive rs i t y  o f  North Dakota (UND) 

f o r  the  upgrading o f  nor thern  Great P la ins  Province Coals t o  premium fue l s .  
Department o f  Chemical Engineering w i t h  support o f  the O f f i c e  o f  Coal Research 
and the  Bur l ing ton  Northern Railroad, has developed a process f o r  so lvent  r e f i n i n a  
North Dakota l i g n i t e .  The s o l i d ,  low-melt ing product, so lvent - re f ined 1 i g n i t e ,  
(SRL) has considerable p o t e n t i a l  f o r  use as a c lean burn ing  s o l i d  fue l .  However, 
due t o  i t s  high r e a c t i v i t y ,  h igh s o l u b i l i t y ,  low ash, and l o w  s u l f u r ,  i t  i s  a lso  
a reasonable s t a r t i n g  ma te r ia l  f o r  c a t a l y t i c  hydrogenation t o  c lean l i q u i d  fuels. 
Thus, the Department o f  Chemistry has been studying SRL hydrogenation, chemistry, 
and s t ruc tu re .  

a re  discussed. 
pressure, ca ta l ys t ,  and so l  vent medium a re  examined, 
has been the  % conversion o f  SRL t o  d i s t i l l a b l e  l i q u i d s  p lus  gases. 
the SRL and l i q u i d  f r a c t i o n s  have a l s o  been c a r e f u l l y  examined by spectroscopic 
and a n a l y t i c a l  chemical methods. 
v e r t  SRL t o  d i s t i l l a b l e  l i q u i d s  and gases i n  over 90% conversion. 

The 

. 

I n  t h i s  repo r t  a s e r i e s  o f  batch autoclave hydrogenation experiments on SRL 
I n  these experiments the e f f e c t  o f  va r ia t i ons  i n  temperature. 

The most important c r i t e r i o n  
However, 

I t  i s  o f  i n t e r e s t  t h a t  we can now r e b d i l y  con- 

EXPERIMENTAL 

Solvent Refined L i g n i t e  (SRL) 

and Midway Coal Company, Kansas City, Mo., from North Dakota L i g n i t e  i n  c h i l l e d  
anthracene o i l .  I t  has the f o l l o w i n g  elemental 
ana lys is :  C, 85.57; H, 5.62; 0, 6.99; N, 1.41; S ,  0.3; ash, 0.11. (2 )  

Catalysts 

HT-100 E were purchased f rom Harshaw chemical Company. Cata lys ts  HZ-1 was 
suppl ied by A i r  Products and Chemicals, Houdry D iv is ion .  
CO-Mo-0402 T, Ni-4301 E, Ni-4303 E, and HT-100 E were p resu l f i ded  by the  procedure 
described by P.M. Yarvorsky and co-workers (3 ) .  
neat powder i n  run 25, and i n  run  26, i t  was impregnated on alumina support. 
procedure f o r  impregnation was a lso  given i n  Yavorsky's paper (3 ) .  
ca ta l ys ts  were prepared and used immediately unless spec i f ied .  
the  ca ta l ys ts  i n  d e t a i l .  

The SRL used i n  these hydrogenation experiments was prepared by the  P i t tsburg  

The SRL was ground t o  100 mesh. 

S ix  ca ta l ys ts ,  Co-Mo-0401 T, Co-Mo-0402 T, Ni-4303 E, Ni-4301 E, A1-1404 T, 

Four Harshaw ca ta lys ts ,  

The 

Table I describes 

Stannous ch lo r i de  was used as 

The presu l f ided  

Hydrogenation Equipment and Procedures 

batch autoclave purchased from Autoclave Engineers, Inc.  Er ie ,  Pa. 
The hydrogenation reac to r  employed i s  a 1 - l i t e r  Has te l loy  C, MagneOrive 

I n  most o f  the  experiments, the  autoclave was charged wi th 75 g o f  SRL, 
150 m l  o f  solvent,  a c a t a l y s t  (1, 10, o r  50% by weight based on 75 g o f  SRL) 
purged o f  a i r  and pressur ized  w i t h  hydrogen (1000-2500 p s i )  f r o m  commercial 
cy l i nde rs  ( f o r  pressure h igher  than 2,000 ps i ,  a hydrau l i c  jack  from American 
Instruments was employed). The reac t ion  mixture was normal ly s t i r r e d  overnight, 

/ 

1 

/ i  
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heated s lowly  t o  the  desired reac t i on  temperature (375", 425", 450°C) i n  about 
50-60 minutes and then he ld  a t  t h i s  temperature f o r  a per iod  o f  2 hours. 
reac tor  was cooled s lowly  t o  about 150°C. It was then depressurized by passing 
the reac t ion  gas mix tu re  through an a c i d  t r a p  f o r  ammonia removal, and then 
through two 0°C traps, two -78°C t raps  and was f i n a l l y  co l l ec ted  i n  a 2 0 0 - l i t e r  
gas bag. 

t rap .  
chromatograph t o  determine the  amounts o f  s p e c i f i c  gases produced (Table 11). 

A f t e r  removal of t he  gases, the  l i q u i d  l e f t  i n  t he  reac to r  was separated 
from the  c a t a l y s t  by decantation. The ca ta l ys t ,  a f t e r  being washed w i t h  40 m l  
of solvent,  was t rans fe r red  t o  a Soxh le t  ex t rac to r  and ex t rac ted  w i t h  THF u n t i l  
the solvent was co lo r less .  The THF e x t r a c t  was then d i s t i l l e d  up t o  260°C a t  
1 mm. 
and added t o  the  t o t a l  unconverted SRL f o r  conversion ca l cu la t i ons .  

combined and then d i s t i l l e d  f i r s t  a t  atmospheric, then a t  reduced pressure (a t  
1 t o r r ) .  When THF was used as a so lvent ,  t he  reac t ion  mix tu re  was f i r s t  d i s t i l l e d  
up t o  135" a t  atm. pressure t o  remove the  solvent,  and then vacuum d i s t i l l e d  up 
t o  260°C a t  1 t o r r .  
was d i s t i l l e d  up t o  200°C a t  atmospheric pressure and then cont inued a t  a pressure 
of 1 toar  t o  y i e l d  t h e  fo l l ow ing  f r a c t i o n s :  
89-139", 139-200°, 200-260°C, and above 260°C ( t h e  vacuum bottom). 
w i t h  a b o i l i n g  p o i n t  h igher than 260°C a t  1 t o r r  was considered t o  be unconverted 
SRL. Total  conversions were ca lcu la ted  from the  unconverted SRL. These d i s t i l l -  
a t i o n  and conversion data are tabu la ted  i n  Table 111. We d i d  no t  l i s t  t he  
atmospheric and the  f i r s t  vacuum d i s t i l l a t i o n  f r a c t i o n s  because they  consisted 
o f  mainly solvents and a l i t t l e  o f  the lower b o i l i n g  l i q u i d  which was der ived 
from the  cracking o f  e i t h e r  the  SRL o r  the so lvent  o r  both. 

I n  our hydrogenation experiments we have recovered b e t t e r  than 95% o f  the 
i npu t  mater ia l  a t  lower reac t i on  temperatures (375 and 425°C). 
reac t ion  temperature (45OOC) the  percent recovery was lower (about 93%). 
missing mater ia l  i s  due p a r t l y  t o  the  l oss  through handl ing and p a r t l y  t o  e r r o r  
i n  the  absolute determinat ion o f  t he  gas content.  
we can on ly  determine the  absolute amount of  methane, ethane, ni t rogen, and 
hydrogen gas i n  the  gas bag. 
produced, bu t  a t  h igher reac t i on  temperatures the gas product ion was l a r g e r  
(Table I V ) .  

Product Analyses 
The elemental analyses o f  the  d i s t i l l a t i o n  and the vacuum bottom f r a c t i o n s  

are  recorded i n  Table V. The aromatic hydrogen t o  a l i p h a t i c  hydrogen r a t i o  was 
obtained by NMR spectroscopy, (Table V ) ,  and phenol and basic amine content 
(Table V )  by t i t r a t i o n .  The carbon and hydrogen analyses were performed i n  our 
labora tory  i n  semi-microscale (10-20 m i l l i g rams  sample) i n  dup l i ca te  o r  t r i p l i -  
cate. The analyses were p e r i o d i c a l l y  checked with standard samples (benzoic 
acid, and glucose). The NMR data were taken from a Varian A60 NMR spectrometer. 
For these spectra the  SRL and vacuum bottom s o l i d s  were normal ly d isso lved i n  
deuterated py r id ine  and the  l i q u i d  samples i n  deuterated chloroform. For the  
s o l u b i l i t y  determinations o f  SRL and vacuum bottoms, a 0.15-2.0 g sample was 
s t i r r e d  i n  30 m l  o f  benzene f o r  30 minutes, and then f i l t e r e d .  The f i l t r a t e  
was evaporated t o  dryness. 
calculated, Table V.  
ac id  i n  a mix tu re  o f  50 m l  o f  nitrobenzene and 5 m l  o f  g l a c i a l  a c e t i c  ac id ,  and 
the end po in ts  were determined by po ten t iomet r ic  techniques ( 4 ) .  The phenols 

The 

The ammonia was determined by back t i t r a t i o n  o f  t h e  :excess ac id  i n  the a c i d  
The gas i n  t h e  gas bag was immediately analyzed by a dual-column gas 

The n o n - d i s t i l l a b l e  residue was considered as p a r t  o f  the  unconverted SRL 

The l i q u i d  f r a c t i o n  from the  reac t i on  mix tu re  and the  washing so lvent  were 

When t e t r a l i n  was used as the  solvent,  the  r e a c t i o n  mix tu re  

The f r a c t i o n  
i n i t i a l  b o i l i n g  p o i n t  (IBP)-89", 

However, a t  h igher 
The 

By our  gas ana lys is  technique 

A t  lower reac t i on  temperatures, l i t t l e  gas was 

The residue was weighed, and the  s o l u b i l i t y  was 
The basic amines were t i t r a t e d  w i t h  0.1 molar pe rch lo r i c  

4 

\ 

3 
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were t i t r a t e d  po ten t i omet r i ca l l y  w i t h  0.1 molar tetrabutyl-ammonium hydroxide 
under n i t rogen  atmosphere i n  p y r i d i n e  solvent (5 ) .  

The l i q u i d  product composi t ion analyses were performed by Gulf Research 
and Development Company, P i t t sburgh,  PA ( run  31 on ly ) .  The r e s u l t s  a re  present 
i n  Table V I .  

RESULTS AND DISCUSSION 

A t o t a l  of t h i r t y - s i x  batch autoclave hydrogenation experiments were 
performed t o  determine the  e f f e c t  o f  solvents,  ca ta lys ts ,  temperature, and pres- 
sure on conversion of SRL t o  d i s t i l l a b l e  l i q u i d  and gases. 
ana lys is ,  t i t r a t i o n  and s o l u b i l i t y  o f  vacuum bottoms data were obtained t o  g i ve  
i n s i g h t  i n t o  the na ture  o f  t he  hydrogenation reac t ions .  

The NMR, elemental 

I .  Solvent Studies 

l i q u i d s .  
I t  i s  best i f  no so l ven t  were t o  be used f o r  t h e  conversion o f  SRL i n t o  

P r a c t i c a l l y  t he  r e s u l t s  i l l u s t r a t e  t h a t  t he  y i e l d s  a re  j u s t  t oo  low when 
no'solvents are used-. 
genat ion which a re  h e l p f u l  t o  the reduct ions.  
a hydrogen c a r r i e r  f rom t h e  c a t a l y s t  surface t o  the  ma te r ia l  t o  be reduced. 
secondary func t ion  i s  t o  cause the  mix tu re  t o  a t t a i n  a f l u i d  s t a t e  a t  t he  reac t i on  
cond i t ions .  

were used as solvents. 
hydrogenation product, and can be removed eas i l y .  
well-known hydrogen donat ing a b i l i t y  (6 )  and i t s  h igher  c r i t i c a l  temperature. 
conversion data o f  runs 1, 6 and 44 o f  Table I 1 1  show t h a t  t e t r a l i n  i s  a b e t t e r  
so lvent  i n  terms o f  h igh  conversion i n  the absence o f  a c a t a l y s t  ( t e t r a l i n ,  40% 
and THF, 13-17.5%). 

The conversion data again reveal  t h a t  t e t r a l i n  i s  a b e t t e r  s t a r t i n g  so lvent  ( t e t r a -  
l i n ,  88% and naphthalene, 66%). The idea l  so lvent  i s  no solvent.  However, t h i s  
appears imprac t ica l  as the  experiments i l l u s t r a t e .  
was next t o  be establ ished. 
A1203 c a t a l y s t  a t  45OOC w i t h  a maximum pressure o f  4150 ps i ,  i n  t h e  absence o f  a 
solvent.  The conversions were 50%. Under s i m i l a r  cond i t ions ,  w i t h  150 m l  o f  
t e t r a l i n  a conversion o f  88% was found ( run  35). 
the conversion was 93%. I n  run  48 i n  which the  so lvent  volume was 37 m l ,  the  
conversion was 91%. Thus, t e t r a l i n  i s  a b e t t e r  so lvent  than THF and naphthalene, 
probably due to a combination o f  i t s  hydrogen donat ing charac ter  and h igher  
c r i t i c a l  temperature. The so lvent  t o  SRL r a t i o  studies showed t h a t  t h e  highest 
conversion was found when t h e  so lvent  t o  SRL r a t i o  was 1:1, bu t  a r e l a t i v e l y  h igh  
conversion (91%) cou ld  be ob ta ined w i t h  a r a t i o  o f  1:2. The lower conversion with 
l a r g e r  solvent r a t i o s  suggests t h a t  t he  so lvent  i s  i n  compet i t ion wSth the  SRL 
dur ing  the  hydrocracking process. 

Presumably t h e  solvent has several ro les  dur ing  the  hydro- 

I t ' s  
Most important i t  can func t i on  as 

I n  our i n t i a l  hydrogenation experiments, te t rahydro furan  (THF) and t e t r a 1  i n  
THF was employed because i t  dissolves both the  SRL and 

T e t r a l i n  was used because o f  i t s  
The 

We have a lso  compared naphthalene w i t h  t e t r a l i n  i n  run  39 and 35, respect ively.  

The minimum so lvent  1 SRL r a t i o  
Runs 41 and 42 were performed w i t h  p resu l f i ded  Ni-Mo- 

I n  run 47 w i t h  75 m l  o f  t e t r a l i n  

11. Cata lys t  Studies 

presu l f ided  and no t  which had promise o f  e f fec t i veness  from previous repor ts .  The 
ob jec t i ve  was t o  ob ta in  h igh  conversions o f  SRL. 
determinat ion,  a l l  cond i t ions  were kept constant except f o r  the  amount o f  c a t a l y s t  
present. 
change s i g n i f i c a n t l y  on changing t h e  ca ta l ys t  concentrat ion from 1 t o  10%. i.e., 
26 and 27%, respec t ive ly .  However, there i s  a s i g n i f i c a n t  change from the  s e n c e  
o f  a c a t a l y s t  t o  a 1% concentrat ion,  found i n  runs 1, 6, and 7 w i t h  THF as solvent,  
( L e . ,  from 12.5-17.5% t o  25.7%). 

I n  these studies,  a t t e n t i o n  has been focussed on ava i l ab le  ca ta l ys ts  both 

I n  the i n i t i a l  cata1yst:SRL r a t i o  

From runs 7 and 10 (Table 111), the  percent conversion o f  SRL d i d  no t  
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With t e t r a l i n  as the  so lvent  the  c a t a l y s t  concentrat ions o f  10% ( r u n  15) 
and 50% ( run  16) and an i n i t i a l  pressure o f  2500 p s i  were made. Th is  increase gave 
an increase i n  conversion o f  41 t o  48%. Though a 50% c a t a l y s t  concentrat ion may 
no t  be optimum, as compared t o  the  continuous f l o w  systems i n  which the  c a t a l y s t  to 
subs t ra te  r a t i o  i n  the  reac to r  i s  much higher, t h i s  percent r a t i o  was maintained f o r  
the  remainder o f  the  experiments i n  order t o  evaluate the  e f fec t i veness  o f  a given 
c a t a l y s t  on the weight basis. 

The next ser ies  o f  batch autoclave experiments were performed t o  evaluate 
several Proven commercial ca ta l ys ts  w i t h  SRL. The s i x  commercial c a t a l y s t s  a re  
the . fo l low ing :  
A120 , Ni-Mo-A1203. The i r  corngositions a re  given i n  f a i l l e  I .  I n  t h i s  ser ies,  ( runs 
16, ?8, 19, 20, 21, 22, and 24) the  h ighes t  conversion (54.5%) was found i n  run 24 
w i th  Ni-Mo-A12O3. The lowest conversion (45.6%) was w i t h  Ni-W-Si02-Al203. The 
others a re  about 48 t o  50% conversions. The lower conversion might be due t o  the  
fac t  t h a t  Ni-W-Si02-A1203 i s  r e l a t i v e l y  sens i t i ve  t o  n i t rogen poisoning (1.4% o f  
N i n  SRL), wh i le  on the  o ther  hand, Ni-Mo-Al203 i s  l e s s  sens i t i ve  t o  n i t rogen  
poisoning (7).  

Al203, Co-Mo-A1 0 0402 T, and Ni-Mo-Al203) were p resu l f i ded  and immediately used 
fo r  hydrogenat i in? Among the  th ree  ca ta l ys ts  used a t  reac t i on  temperature o f  375°C. 
p resu l f i ded  Ni-Mo-A1 0 , the best under non-presul f ided cond i t ions ,  a l lowed the  
highest conversion o f  ZRL (62.1%, run  32) This i s  a d i f f e rence  o f  7% f r o m  the  non- 
p resu l f i ded  run. For the  p resu l f i ded  Ni-\j-A1203 and Co-Mo-A1203-0402 T ca ta l ys ts  
(runs 27, 28, and 29), there  was an increase o f  11% and 10% respec t ive ly .  In run  
34, 7.5 g o f  acid-washed molecular seives was added along w i t h  the  p resu l f i ded  
Ni-Mo-A1 0 ca ta l ys t ,  and the  conversion was about the  same as t h a t  o f  Ni-Mo-A1 03 
by i t s e l f  !run 31). I n  general, the  p resu l f i ded  ca ta l ys ts  provided a 10% incregse 
i n  conversion. Impor tan t ly  the  volume o f  lower b o i l i n g  f r a c t i o n s  ( d i s t i l l a t i o n  
f r a c t i o n  1, 2 ,  and 3 i n  Table 111) were genera l l y  l a r g e r  and the  l a s t  d i s t i l l a t i o n  
f r a c t i o n  ( f r a c t i o n  4 i n  Table 111) was smal ler  than those from the  non-presul f ided 
c a t a l y s t  runs. Figures 1, 2, and 3 demonstrate the  f a c t  t h a t  a l l  th ree  p resu l f i ded  
c a t a l y s t s  produced greater amounts o f  l i g h t e r  d i s t i l l a t e  than the  regu la r  comner- 
c i a 1  ca ta l ys t  a t  the  same experimental cond i t i ons .  
i n d i c a t e  t h a t  the  p resu l f i ded  c a t a l y s t s  promote a more extensive hydrogenation and 
cracking. Frac t ion  1 i n  the  graphs o f  Figures 1, 2, and 3 was obtained by subt rac t ing  
the  sum o f  f r a c t i o n  2, 3, and 4 from t h e  t o t a l  conversion. This f r a c t i o n  includes 
the  gas y ie lds ,  mechanical l o s s  and products t h a t  b o i l  lower than 89°C a t  1 t o r r .  
Mechanical losses are  probably the  same f o r  both the  p resu l f i ded  and regu la r  c a t a l y s t  
runs, and there fore  f o r  comparison purposes, they a re  constants. 

A t  higher reac t i on  temperatures (425OC and 450°C) t h e  p resu l f i ded  Ni-Mo-A1203 
c a t a l y s t  (runs 31, 35) and Ni-W-Si0 -A1 0 
known as a dua l - func t ion  hydrocrackfng ga?alyst)  has been tested. The d i s t i l  l a t i o n  
data show t h a t  the p resu l f i ded  Ni-Mo-A1 03 c a t a l y s t  o f  runs 31 and 35 a t  both temp- 
e ra tu res  gave higher conversions than t f e  p resu l f i ded  Ni-W-Si02-Al203 c a t a l y s t  o f  
runs 33 and 46 a t  425OC, 76% vs 68.5% and a t  45OoC, 88% vs 84%. 
reac t i on  temperature o f  45OOC and w i t h  no ca ta l ys t ,  the conversion was o n l y  60%, and 
therefore a d i f f e rence  o f  more than 25% was due t o  the  e f f e c t  o f  t he  c a t a l y s t  ( run  
35 and 46). 
a re  necessary f o r  h igh  conversions. 

Ni-W-SiOz-Al20 , Ni-W-Al203, Co-Mo-A1 0 -0401 T and -0402 T, 

TO determine the  e f f e c t  o f  p resu l f i d ing ,  th ree  o f  the  above c a t a l y s t s  (Ni-W- 

Thus the  d i s t i l l a t i o n  data 

(runs 33, 43, 46) c a t a l y s t  (which i s  

I n  run  45, wi th  

Thus, p r e s u l f i d i n g  the  ca ta l ys ts  and a reac t i on  temperature o f  45OOC 

Zinc ch lo r i de  i s  another c a t a l y s t  which has an i n t e r e s t i n g  a c t i v i t y  f o r  both 

Two runs were c a r r i e d  ou t  a t  375°C with t h i s  
hydrogenation and cracking, and i t  i s  o f  spec ia l  i n t e r e s t  s ince i t  appears t o  be l ess  
s e n s i t i v e  t o  n i t rogen poisoning (8). 
ca ta l ys t ;  run  25 as neat ZnC12 (10%) powder, and the  other,  run  26, 6.4% ZnC12 
impregnated on alumina (Harshaw A1-1404 T). 
53.5% conversion which i s  as h igh  as t h a t  o f  Ni-Mo-A1203 ca ta l ys t .  

Run 25, w i t h  neat ZnC12 powder, gave a 
The impregnated 
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ZnC12 ca ta l ys t  y i e l d e d  a lower conversion (47% from run  26). 
s ion  i s  perhaps due t o  a smal le r  amount o f  ZnC12 t h a t  was used. Work was discont inued 
w i t h  t h i s  ca ta l ys t  due t o  an t i c ipa ted  c a t a l y s t  recovery problems. 

A cracking ca ta l ys t ,  HZ-1, from Houdry Cata lys ts  was a lso  tes ted  a t  425°C w i th  
SRL. The conversion was n o t  as h igh  (52.5%) as those w i t h  p resu l f i ded  ca ta l ys ts  i n  
general ( run  36). 

Thus f a r ,  t he  p resu l f i ded  Ni-Mo-A1 0 c a t a l y s t  i s  t h e  best c a t a l y s t  i n  terms 
o f  h igh  conversion o f  SRL t o  gaseous and21?quid products, and t h a t  t he  presu l f ided  
ca ta l ys ts  general ly g i v e  a h igher  y i e l d  o f  lower b o i l i n g  f r a c t i o n s  than the non- 
p resu l  f i ded  type. 

This smal ler  conver- 

111. Pressure E f f e c t  

on conversion o f  SRL t o  d i s t i l l a t e  l i q u i d s  and qases. I n  runs 10 and 11, an increase 
Runs 10, 11, 12, 13, 14, and 15 were performed t o  study the e f f e c t  o f  pressure 

of i n i t i a l  pressure from 1000 t o  1800 ps i ,  w i t h  THF as solvent,  d i d  g i ve  an increase 
i n  conversion o f  27.3% t o  38%. However, i n  t h e  case o f  t e t r a l i n  as solvent,  there 
was no s i g n i f i c a n t  e f f e c t  on conversion w i t h  an increase i n  i n i t i a l  hydrogen pressure 
from 1750, 2060 t o  2500 p s i  (40%, 43%, and 40.9% respec t ive ly ) .  

I V. Temperature Studies 

t u r e  w i t h  a r e l a t i v e l y  h igh  conversion. 
reac t i on  temperatures o f  375O, 425O, and 450' respec t i ve l y  wh i l e  a l l  o ther  condi t ions 
remained constant. 
e ra tu re  as i l l u s t r a t e d  i n  F igure  4. 
76% f o r  425OC, and 88% f o r  45OOC. 
n o t  proceed r e a d i l y  u n t i l  t he  reac t i on  temperature reaches 450°C. 

The t o t a l  y i e l d s  o f  methane and ethane f o r  reac t ions  a t  375O, 425O, and 450°C were 
0.40 9, 1.78 g, and 5.48 g, respec t i ve l y  ( run  32, 31 35, Table 11). 
reac t i on  temperature i s  t h a t  where gas product ion i s  a t  a minimum and the  t o t a l  
conversion i s  a t  a maximum. Perhaps, the  i d e a l  case may n o t  be obtainable, bu t  
the  gas product ion o f  5.48 g i s  s t i l l  to le rab le ,  and the re fo re  the  reac t ion  temp- 
e ra tu re  o f  450°C appears t o  be most favorable.  

V.  Analy t i ca l  Methods f o r  Mon i to r ing  Reaction Products 

solvents, temperature, pressure, and ca ta l ys ts  on the  hydrogenation o f  SRL, we also 
used and developed o the r  a n a l y t i c a l  methods t o  monitor t h e  ex ten t  o f  these hydro- 
genations. These methods c o n s i s t  o f  carbon and hydrogen analyses (Table V ), NMR 
data (Table V ), bas ic  amine and phenol determinat ions (Table V ), and gas pro- 
duc t ion  (Table I 1  ). 

The atomic H/C r a t i o s  were ca lcu la ted  from hydrogen and carbon elemental 
analyses. These r a t i o s  d i d  no t  vary too  much u n t i l  r un  27 ( the  presu l f ided  ca ta l ys t  
run)  and they appeared t o  be h igher  f o r  a l l  t he  runs with p resu l f i ded  ca ta l ys ts  

1?6:90, and f o r  the  p resu l f i ded  c a t a l y s t  run 27, f r a c t i o n  (2) 1.45, (3 )  1.26, 
(4) 1.15, and (5 )  0.96). Runs 27 t o  33 gave the  t y p i c a l  h igh  atomic H/C r a t i o s .  

We have a l so  analyzed the  d i s t i l l a t i o n  f r a c t i o n s  by NMR spectroscopy. The 
aromatic t o  a l i p h a t i c  r a t i o s  reveal  t he  same general t rend  as found i n  the  atomic 
H/C r a t i o  studies, t h a t  i s ,  t h e  aromatic t o  a l i p h a t i c  hydrogen r a t i o s  are h igh  
f o r  e a r l i e r  runs (up t o  run  26) and a re  low,from run  27 t o  run  34. These data 
suggest t h a t  the p resu l f i ded  ca ta l ys ts  promote the  hydrogenation of the aromatic 
system i n  the SRL t o  a g rea te r  ex ten t  t han  the non-presul f ided ca ta l ys ts  (g., 

Several experiments were c a r r i e d  out t o  determine t h e  i dea l  reac t i on  tempera- 
Runs 32, 31, and 35 were c a r r i e d  o u t  a t  

The percent conversions increased l i n e a r l y  w i t h  reac t i on  temp- 
The percent conversions are 62% f o r  375OC, 

These r e s u l t s  suggest t h a t  hydrocracking does 

As the reac t i on  temperature increased, gas product ion a l so  increased rap id l y .  

The idea l  

Besides using percent  conversion as our gu ide l ine  t o  determine the  e f f e c t  of 

regular comnercial c a t a l y s t  run, 26, f r a c t i o n  (2) 1.22 (3) 1.00, (4 )  0.97 
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run  18, w i t h  the  regu la r  commercial ca ta l ys t ,  f r a c t i o n  (2 )  0.56, (3) 1.00, (4 )  1.15, 
and run  27 w i t h  a p resu l f i ded  c a t a l y s t  (2)  0.19, (3 )  0.21, (4 )  0.24). These r e s u l t s  
i n d i c a t e  t h a t  there i s  more a l i p h a t i c  hydrogen i n  the d i s t i l l a t i o n  f r a c t i o n s  o f  the  
presul f ided c a t a l y s t  runs. 

eratures tend t o  y i e l d  a l a r g e r  amount o f  gases. 
375', 21 a t  425O, and 35 a t  45OOC w i t h  the  t o t a l  methane and ethane y i e l d s  o f  0.40 g, 
1.78 g, and 5.48 g respec t ive ly .  
the  l i q u i d  y i e l d ,  and thus the  reac t i on  temperature should probably no t  be much 
h igher  than 450°C. 

the re fo re  we a re  n a t u r a l l y  concerned w i t h  the  bas ic  n i t rogen  conten t  i n  t h e  SRL 
and i n  the  hydrogenation products. 
c a p a b i l i t y  o f  the ca ta l ys ts .  
t i t r a t i o n  method f o r  t he  determinat ion o f  t he  basic n i t rogen.  
a re  l i s t e d  i n  Table V. 
and i n  some cases, some o f  t he  d i s t i l l a t i o n  f r a c t i o n s  were a l s o  analyzed i n  t h i s  
way. 

o f  regu la r  commercial c a t a l y s t  runs were e i t h e r  about the  same as i n  the  o r i g i n a l  
SRL (0.54 meq/g SRL) o r  s l i g h t l y  below. For the  p resu l f i ded  c a t a l y s t  runs o f  
Ni-4303 E Co-Mo-0402 T and Ni-4301 E, the  t i t r a b l e  amine content remained about the  
same as the o r i g i n a l  SRL, bu t  t h a t  o f  the p resu l f i ded  HT-100 E (Ni-Mo-A1 03) was 
reduced by 50% o r  more ( run  31, 32, and 34, Table V). Thus, t h i s  suggesfs t h a t  
NiS-MoS2-A1203 i s  a b e t t e r  deni t rogenat ion c a t a l y s t  than NiS-WS2-Si02-A1203 and 

The gas ana lys is  data a re  tabu la ted  i n  Table X I .  The h igher  r e a c t i o n  temp- 
This i s  demonstrated i n  run  32 a t  

Our aim was t o  minimize the  gas y i e l d  and maximize 

I n  general, n i t rogen  compounds are  known as ca ta l ys t  poisoning agents, and 

We are  a l so  i n te res ted  i n  the  deni t rogenat ion 
We have adopted the  non-aqueous po ten t iomet r ic  

The t i t r a t i o n  data 
Most o f  the vacuum bottoms were analyzed f o r  basic amines 

I n  general, t i t r a t i o n  data i n d i c a t e  t h a t  t he  basic amines i n  the  vacuum bottoms 

CoS-MoS2-A1203. 

The phenolic content o f  t he  SRL and i t s  hydrogenated products were a l so  de- 
termined by non-aqueous po ten t iomet r ic  t i t r a t i o n s .  
was t i t r a t e d  f o r  phenols so t h a t  the  phenol ic content cou ld  be compared w i t h  t h a t  
o f  SRL (1.34 meq/g SRL). 
much lower than t h a t  o f  the  SRL (Table V ) .  
the  runs w i t h  a high conversion usua l l y  produced a vacuum bottom w i t h  a lower 
phenol ic content. 

I n  most cases, t he  vacuum bottom 

I n  general, the  phenol ic content i n  the  vacuum bottom was 
I t  i s  a l so  i n t e r e s t i n g  t o  no te  t h a t  

i 

The compositional ana lys is  f o r  t he  f o u r  d i s t i l l a t i o n  f r a c t i o n s  from run  31 
was ca r r i ed  ou t  by the  Gu l f  Research and Developmant Company. 
shown i n  Table V I .  
(by weight)  o f  fused aromatic systems. 

ana ly t i ca l  methods. 
more so lub le  than the  o r i g i n a l  SRL (62.2% f o r  SRL). 

The product ion o f  water i s  no t  too p red ic tab le  although i t  seems i n  general 
t o  be higher f o r  the  l a t e r  runs ( f rom run  26 on). 
small and the  f l u c t u a t i o n  i s  la rge .  

Thus, t o  sum up, a ser ies  o f  batch autoclave hydrogenation experiments were 
performed f o r  convert ing so lvent  re f i ned  l i g n i t e  
t o t a l  of t h i r t y - s i x  experiments were performed t o  accomplish the fo l l ow ing :  
(1) 
commercial ca ta lys ts ,  (3)  i nves t i ga te  the in f luence of p resu l f i ded  ca ta lys ts ,  and 
(4) study the  e f f e c t  o f  the  reac t i on  temperature and solvent.  
runs, we have establ ished the  general cond i t ions  f o r  t he  c a t a l y s t  comparison, 

The r e s u l t s  a re  
The higher b o i l i n g  f r a c t i o n  appear t o  have grea ter  amounts 

Thus, f u r t h e r  reduc t ion  i s  needed. 

From the  benzene d i sso lu t i on  data, no no t i cab le  t rend i s  found as i n  o ther  
One t h i n g  worth no t i ng  i s  t h a t  the vacuum bottoms a re  normal ly 

The d i f f e rence  i n  water y i e l d  i s  
Thus, no cons t ruc t ive  conclusion can be drawn. f, I 

p -  
(SRL) t o  premium l i q u i d  fue ls .  A 

es tab l i sh  the  general cond i t ions  f o r  t he  hydrogenation, (2)  survey s u i t a b l e  

From the  i n i t i a l  
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t h a t  i s ,  an i n i t i a l  hydrogen pressure o f  2500 ps i ,  50% c a t a l y s t  by weight, 150 m l  
t e t r a l i n ,  and 375°C for reac t i on  temperature. 
e i g h t  ca ta l ys ts  were tes ted  w i t h  SRL. The best two o f  these runs are Ni-Mo-A1203 
(Harshaw HT-100) and stannous ch lo r i de  ca ta l ys ts  f o r  h igh  conversion o f  SRL t o  
products. The next se r ies  o f  batch autoclave experiments u t i l i z e d  presu l f ided  
ca ta l ys ts .  
conversion. The reac t i on  temperature s t i d j e s  demonstrated t h a t  t he  percent con- 
version o f  SRL t o  d i s t i l l a b l e  l i q u i d  and gases increases l i n e a r l y  with the  increase 
o f  reac t i on  temperature, w i t h  a h igh  o f  88% conversion a t  450°C. 
experiments, t e t r a l i n  i s  shown t o  be necessary f o r  the  h igh  conversion. 
experimental cond i t ions  f o r  the  highest conversion, thus f a r  at ta ined, a re  the  
fo l low ing :  
p resu l f i ded  HT-100 ca ta l ys t ,  a t  450OC f o r  2 hours. 

For these cond i t ions ,  a t o t a l  o f  

Result showed t h a t  Ni-Mo-A1 0 c a t a l y s t  s t i l l  gave the  h ighes t  

From the  so lvent  
Thus, t he  

i n i t i a l  hydrogen pressure o f  2500 ps i ,  75 g o f  SRL, t e t r a l i n ,  
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TABLE I 

Cata lys ts  Used i n  SRL Hydrogenation 

Cata lys t  Suppl ier  Trade Name Composition Pore Val. SA Shape 
W t .  p c t .  cc/g m 2  /g. 

I .  
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TABLE I1 

Gas and Water Production 

Run Methane, g Ethane, g Ammonia, g Water, g 
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TABLE I V .  Mass Calculat ions 

Calcu lat ion o f  i n p u t  and output 
o f  the hydrogenation autoclave 

SRL 

T e t r a l i n  

Catalyst  

HZ 
T e t r a l i n  wash 

Total 

Raw Mater ia l  
(hydrogenation 
products) 

Catalyst  

Autoclave 
co ld t raps 

Ad here t o  
autoclave 

Gases from 
react ion 

Total 

Run 27 
75.0 

145.5 

43.1 

10.8 

38.8 

313.2 

- 

228.6 

64.0 

1.1 

1 .o 

7.1 

301.8 

96.4% 

Run 31 
75.0 

145.5 

40.5 

10.8 

38.8 

310.6 

- 

Run 35 
75.0 

145.5 

40.6 

10.8 

38.8 

310.7 

- 

233.4 210.1 

62.8 60.3 

0.0 3.3 

1.2 1 .o 

7.5 14.5 

304.9 288.2 
- - 

98.2% 92.7% 
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TABLE V 

Tabulation o f  H/C Ratio, Aromatic t o  A l i p h a t i c  Hydrogen Ratio, and T i t r a t i o n  Data 

H/ C - Ar-H Benzene 
Run Fract ion Rat io  A1-H Amines Phenols Dissolut ion,  % 

11 

12 

13 

14 

16 

SRL 

10 2 

3 

4 

5 

2 

3 

4 

5 

2 

3 

4 

5 

2 

3 

4 

5 

2 

3 

4 

5 

2 

3 

4 

5 

2.57 

1 .81 

2.82 

0.81 

1.69 

--- 
.96 

1.58 

0.69 

1.19 

0.65 

1.05 

1.12 

0.53 

0.98 

1.09 

0.54 

0.09 

0.47 

0.51 

0.53 

0.58 

1.34 62.2 

0.055 

0.73 

1.09 

0.96 

0.87 

0.57 0.87 69.8 

d 
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TABLE V Continued 

Ar -H Benzene 
Run Fract ion Rat io H’C A1-H Amines Phenols Dissolut ion,  % 

\ 

- 

R 

’r’ 

i :i 

18 2 

3 

4 

5 

\ 19 2 

3 

4 

5 

20 2 

3 

4 

5 

2 

3 

4 

5 

2 

3 

4 

5 

2 

3 

4 

5 

\ 

\ 

21 

22 

24 

1.12 

0.97 

0.93 

0.88 

1.11 

0.98 

0.91 

0.78 

1.14 

1.13 

0.98 

0.81 

1.16 

1.03 

0.91 

0.86 

1.02 

0.84 

0.82 

0.85 

1.20 

1.07 

0.96 

0.91 

0.56 

1 .oo 
1.15 

0.56 

0.88 

0.96 

0.50 

0.82 

0.91 

0.647 

1.21 

0.90 

1.05 

1.93 

2.01 

0.44 

0.67 

0.76 

0.52 

0.55 

0.56 

0.48 

0.54 

0.97 

0.91 

0.73 

1.32 

1.12 

0.45 0.52 

71.1 

55.1 

78.4 

, 
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TABLE V Continued 

H/C Ar-H Benzene 
Run Fract ion Rat io A1 -H Amines Phenols Dissolut ion,  X 

26 

25 2 

3 

4 

5 

2 

3 

4 

27 

29 

3.0 

5 

2 

3 

4 

5 

28 2 

3 

4 

5 

2 

3 

4 

5 

2 

3 

4 

5 

1.24 0.42 

1.31 0.76 

1.04 0.80 

1.22 0.48 

1 .oo 0.81 

0.96 0.88 

0.90 

1.46 0.19 

1.26 0.21 

1.15 0.24 

0.96 

1.42 0.16 

1.25 0.23 

1.16 0.27 

0.92 

1.40 0.21 

1.17 0.32 

1.06 0.42 

0.87 

1.34 0.40 

l .17 0.39 

1.03 0.54 

0.90 0.65 

0.46 0.66 

0.36 0.66 

0.41 0.47 

0.49 0.45 

0.19 0.08 

0.21 0.16 

0.25 0.24 

0.53 0.79 

0.16 0.33 

82.9 

94.9 

85.3 

81.9 

67.9 
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TMlE V Continued 

H! c AT-H Benzene 
Run Sract ion Ratio Manes ~ ~ n o l s ’  Dissolution. % 

31 2 

3 

4 

5 

32 2 

3 

4 

5 

34 2 

3 

4 

5 

0.23 

87.6 

1.37 0- ia  

1.25 0. a0 

3-14 0.35 

a -02 0.45 0.20 0.32 

1.40 0.14 

1.32 0.16 

1.17 6). 23 

1.01 Q.2 0.23 

0.39 

0.33 

0.34 

8.28 0.27 

86.4 

The basic amjnes and Phenols am expnessed as mq. per gram of SRC or other distillation 
fractions. 
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- -x = presulfided catalyst 

- o = regular catalyst 

Fraction 
Figure 1. Comparison of d is t i l la t ion  fractions 

from Ni-Mo-A1203 catalyst.  

p Fraction 1 2 3 4 
Figure 2 .  Comparison o f  dist i l lat ion fractions 

from Co-Mo-A1203-0402 T catalyst.  
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Figure 3. Comparison o f  d i s t i l l a t i o n  fractions 
from Ni-W-A1203 cata lyst .  

100% 
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Figure 4.  Percent Conversion vs. Reaction Temperature 
For Presulfided HT-100 Catalyst.  I i 
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THE CHARACTERIZATION AND UPGRADING OF COAL LIQUIDS TO HIGH VALUE 
FUELS AND CHEMICALS. H. P. Malone Gulf Research & Development Company, 
P. 0. Drawer 2038, Pittsburgh, Pa. 15230 

The Gulf coal liquefaction p r o c e s s  (CCL) catalytically converts coal to commer-  
cially and environmentally acceptable  liquid fuels. The object of the present  work was 
t o  study the upgrading of CCL liquids t o  higher fuels and chemicals. 

T h i s  study involves character iz ing and upgrading CCL liquids t o  higher value fuels 
and chemicals .  

Liquids f rom both subbituminous and bituminous coals were separated into naphtha, 
middle distillate and gas  oil fractions. Each fraction was analyzed and i ts  chemical 
and physical propert ies  determined. The fractions were  found t o  contain a unique dis- 
tribution of naphthenic, aromatic ,  and hydroaromatic components. Each fraction also 
contains some remaining sulfur and nitrogen contaminants and the  oxygen concentra- 
tion is high. 

Naphtha- Mild hydrotreat ing : (b) Middle Distillate - Mild hydr otreat  ing and hydrocracking, 
(c) Gas Oil-Severe hydrotreating. 

obtained f rom these processing schemes. 

T h e  following processing schemes  were used t o  upgrade these fractions: (a) 

Reforming feedstock, a romat ic  6 ,  kerosene, and low gravity furnace oils were  
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COAL LIQUEFACTION I. CATALYST POISONS PRESENT I N  COAL 

BY 

S .  M. Kovach and J. Bennet t ,  Ashland O i l ,  I n c .  
Ashland, Kentucky 4 1 1 0 1  

INTRODUCTION 

A favorable  economic f u t u r e  of  c o a l  so lva t ion-hydrogenat ion  tech-  
nology w i l l  depend upon t h e  proper  s e l e c t i o n  of c o a l  f e e d s t o c k s  and upon 
c a t a l y s t  l i f e  and a c t i v i t y .  I t  i s  reasonably  w e l l  e s t a b l i s h e d  t h a t  t h e  
r e a c t i v e  c h a r a c t e r  of d i f f e r e n t  c o a l s  vary  widely i n  s o l v a t i o n -  
hydrogenat ion r e a c t i o n s  (1, 2 ,  3 ) .  Some c o a l s  appear  t o  have a s e l f -  
c a t a l y t i c  c h a r a c t e r  ( 3 ,  4 )  whi le  o t h e r s  cause  a pronounced d e a c t i v a t i o n  
o r  poisoning of t h e  hydrogenat ion c a t a l y s t  ( 5 ) .  I n  any c a s e ,  deep hydro- 
gena t ion  t o  remove o r g a n i c  s u l f u r  from the  l i q u i d  product  w i l l  r e q u i r e  a 
c a t a l y s t  ( 4 ,  6 ) .  The p r e s e n t  maximum c a t a l y s t  l i f e  f o r  c e r t a i n  c o a l  
l i q u e f a c t i o n  p r o c e s s e s  i s  of t h e  o r d e r  of  30 t o  90  days.  The causes  f o r  
t h e s e  vary ing  r a t e s  of  c a t a l y s t  d e a c t i v a t i o n  a r e  n o t  c l e a r l y  understood.  
These e f f e c t s  a r e  b e l i e v e d  t o  be a s s o c i a t e d  w i t h  t h e  v a r i o u s  c o a l  
c h a r a c t e r i s t i c s  i n c l u d i n g  t h e  n a t u r e  and c o n c e n t r a t i o n  of minera ls  o r  
t r a c e  elements  i n  t h e  r e s p e c t i v e  c o a l s ,  o r  t o  l a r g e  phorphyrin type  
molecules  t h a t  f i l l  t h e  c a t a l y s t  pores and hence cause reduced a c t i v i t y .  

Previous i n v e s t i g a t i o n s  of c o a l  l i q u e f a c t i o n  p r o c e s s e s  employing 
a heterogeneous c a t a l y s t  i n  a so lva t ion-hydrogenat ion  system have r e -  
p o r t e d  c a t a l y s t  d e a c t i v a t i o n  w i t h i n  t h e  t i m e  l i m i t s  p r e v i o u s l y  mentioned. 
C a t a l y s t  a c t i v i t y  i s  measured by t h e  amount of  unconverted c o a l  and by 
product  d i s t r i b u t i o n .  A s  t h e  amount of  unconverted c o a l  i n c r e a s e s  and 
product  d i s t r i b u t i o n  s h i f t s  t o  t h e  h e a v i e r  ends t h e  c a t a l y s t  i s  d e s c r i b e d  
as be ing  d e a c t i v a t e d .  A t  t h i s  p o i n t  i n  t h e s e  p r i o r  s t u d i e s  t h e  c a t a l y s t s  
w e r e  removed and analyzed as t o  s u r f a c e  area, pore  s i z e  and volume and 
meta ls  on c a t a l y s t .  I n  most c a s e s ,  s u r f a c e  a r e a  and pore  s t r u c t u r e  de- 
c r e a s e d  d r a m a t i c a l l y  w i t h  a l a r g e  pickup of meta ls  on t h e  c a t a l y s t  s u r f a c e  
from t h e  c o a l  ash .  C a t a l y s t  d e a c t i v a t i o n  has  been a t t r i b u t e d  p r i m a r i l y  
t o  t h e s e  metals, and t h e o r i e s  advanced on a l k a l i  metal poisoning  such as 
sodium, calcium, magnesium; a c i d i c  component po isoning  such a s  boron, 
t i t a n i u m ,  and s i l i c a - a l u m i n a ;  and t h e  poisoning  e f f e c t s  of  i r o n  on hydro- 
gena t ion  meta ls .  
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I t  w a s  f e l t  by t h e  a u t h o r s  t h a t  t h e  convers ion  of  c o a l  t o  c o a l  
l i q u i d s  i n  such a p r o c e s s  is a combination of  t h r e e  mechanisms, namely, 
thermal ,  hydrogen donor ,  and heterogeneous c a t a l y s t s ,  and t h a t  c a t a l y s t  
a c t i v i t y  and d e a c t i v a t i o n  w a s  be ing  masked by t h e  g r o s s  e f f e c t s  of t h i s  
p r o c e s s .  T o  b e t t e r  unders tand  c a t a l y s t  d e a c t i v a t i o n  a more s e n s i t i v e  
method f o r  measuring c a t a l y s t  a c t i v i t y  and d e c l i n e  was r e q u i r e d .  S ince  
m e t a l s  d i s p o s i t i o n  on t h e  c a t a l y s t  s u r f a c e  was o c c u r r i n g  throughout  t h e  
p r o c e s s  p e r i o d  and a t  d i f f e r e n t  rates,  t h i s  more s e n s i t i v e  technique  
should  a l low f a s t e r  and m o r e  a c c u r a t e  c a t a l y s t  a c t i v i t y  measurements. A 
system was devised  f o r  t h i s  exper imenta l  s t u d y  t o  expose t h e  c a t a l y s t  t o  
a coal-ash-donor s o l v e n t  sys tem and then  i s o l a t e  t h e  c a t a l y s t  f o r  a c t i v i t y  
measurement as r e l a t e d  t o  hydrogenat ing a p p r e  a romat ic  hydrocarbon. This  
pure hydrocarbon i s  t h e  p a r e n t  a romat ic  hydrocarbon f o r  producing  t h i s  
donor s o l v e n t .  

This  paper d e s c r i b e s  t h e  poisoning  e f f e c t  o f  t h e  major components 
p r e s e n t  i n  a Western Kentucky c o a l  on a c o a l  l i q u e f a c t i o n  c a t a l y s t .  
T h e i r  e f f e c t s  on c a t a l y s t  hydrogenat ion a c t i v i t y  w a s  determined by 
impregnat ion techniques  and by c a t a l y s t  exposure t o  a s i n g l e  i n o r g a n i c  
s a l t  i n  an i s o l a t e d  system. The major i n o r g a n i c  e lements  s t u d i e d  were 
sodium, magnesium, calcium, i r o n ,  t i t a n i u m ,  s i l i c a - a l u m i n a ,  sodium 
s i l i c a t e  and phosphorus. 

. 

EXPERIMENTAL 

Apparatus  

The c o a l  l i q u e f a c t i o n  experiments  and r e f e r e n c e  s t a n d a r d  hydro- 
g e n a t i o n  tes ts  were performed i n  an Autoclave Engineers  2L magnedrive 
s t i r r e d  autoclave.  The equipment on t h i s  a u t o c l a v e  was s t a n d a r d  a s  re -  
c e i v e d  from t h e  f a c t o r y .  The c o o l i n g  c o i l  was removed, and a s p e c i a l  
3/8" d r a i n  va lve  w a s  added to t h e  bottom of t h e  r e a c t o r  f o r  e a s y  and 
f a s t  dumping of t h e  r e a c t o r  product .  The e n t i r e  system was p r o p e r l y  
manifolded f o r  easy and r a p i d  a d d i t i o n  of  any l i q u i d  feed  or gas .  L iquid  
product  was c o l l e c t e d  by p a s s a g e  through a c o o l i n g  c o i l ,  p r e s s u r e  w a s  
c o n t r o l l e d  by a r e g u l a t i n g  v a l v e ,  and a l l  g a s e s  passed through a H2S 
s c r u b b e r  and w e t  t e s t  meter b e f o r e  vent ing  t o  t h e  atmosphere.  

Ref rac tometer .  
R e f r a c t i v e  i n d i c e s  w e r e  measured by means o f  a Bausch and Lomb 

C a t a l y s t  s u r f a c e  area and pore  size-volume w e r e  determined by a 

Elemental  a n a l y s i s  o f  c a t a l y s t s  b e f o r e  and a f t e r  t r e a t m e n t  w i t h  
c o a l  and t h e  poison s t u d i e d  w e r e  determined by atomic a b s o r p t i o n .  

C a t a l y s t  samples w e r e  suspended i n  a w i r e  mesh b a s k e t  a t t a c h e d  

Micro-Meretics ins t rument .  

t o  t h e  b a f f l e  p l a t e  s u p p l i e d  by t h e  manufacturer .  
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M a t e r i a l s  

\ 

I 

The c a t a l y s t  chosen f o r  t h i s  s tudy  was Nalcomo 471. The proper -  
t i es  of  t h i s  c a t a l y s t  a r e  given i n  Table  1. This  c a t a l y s t  was chosen 
because of i t s  e x t e n s i v e  use  by r e s e a r c h e r s  i n  e a r l i e r  s t u d i e s .  

The c o a l  u t i l i z e d  i n  t h i s  p r o j e c t  w a s  a Western Kentucky #11 from 
t h e  F i e s  Mine, i t s  p r o p e r t i e s  a r e  g iven  i n  Table  2 .  This  c o a l  was re -  
ce ived  as run of  t h e  mine ( l a r g e  lumps) and s t o r e d  i n  double  p l a s t i c  bags 
i n s i d e  of  a s e a l e d  meta l  can. The c o a l  w a s  c rushed ,  sieved and q u a r t e r e d  
t o  p a s s  through a 200 mesh s c r e e n  a s  needed. P r i o r  t o  use  t h e  c o a l  w a s  
d r i e d  i n  a vacuum oven a t  100°C. 

The r e f e r e n c e  s t a n d a r d  u t i l i z e d  i n  o u r  hydrogenat ion  tests t o  
measure c a t a l y s t  a c t i v i t y  i s  a naphthalene-alkylnaphthalene mixture .  The 
p r o p e r t i e s  o f  this feed  a r e  g iven  i n  Table  1. 

T e s t  Procedure 

A given weight  of  c a t a l y s t  was charged t o  t h e  c a t a l y s t  b a s k e t  i n  
t h e  a u t o c l a v e ,  t h e  a u t o c l a v e  was s e a l e d  and p r e s s u r e  checked a t  2500 PSIG. 
A f t e r  a s u c c e s s f u l  p r e s s u r e  check t h e  u n i t  was depressured  t o  a tmospheric  
p r e s s u r e  and r e p r e s s u r e d  t o  250 PSIG w i t h  hydrogen s u l f i d e  and heatup 
s t a r t e d .  The c a t a l y s t  w a s  p r e s u l f i d e d  a t  t h e  g a s  c y l i n d e r  p r e s s u r e  and 
700°F f o r  t h r e e  hours .  
a tmospheric  p r e s s u r e  and t h e  tempera ture  dropped t o  250°F. 
c o n d i t i o n s  1000 c c  of t e t r a l i n  w a s  added fol lowed by c o a l  a d d i t i o n  
(300 grams) w i t h  s t i r r i n g .  The au toc lave  w a s  then  s e a l e d ,  p r e s s u r i z e d  t o  
2000  PSIG wi th  hydrogen and hea ted  t o  t h e  o p e r a t i n g  tempera ture  (650 t o  
775OF). This  h e a t  up p e r i o d  r e q u i r e d  60 t o  9 0  minutes .  

A f t e r  p r e s u l f i d i n g  t h e  u n i t  w a s  d e p r e s s u r e d  to  
A t  t h e s e  

A t  t h e  end of  t h e  c o a l  l i q u e f a c t i o n  t e s t ,  which l a s t e d  from s i x  
t o  e i g h t  hours ;  s t i r r i n g  was s topped,  and hydrogen p r e s s u r e  was s h u t  
down. The product  w a s  dumped and c o l l e c t e d .  A s  t h e  p r e s s u r e  w a s  reduced 
a l l  gases  i n  t h e  r e a c t o r  w e r e  passed through a c o o l i n g  c o i l  t o  c o l l e c t  
condens ib les .  

To remove any t r a c e s  of heavy hydrocarbons,  t h e  c a t a l y s t  and 
v e s s e l  w e r e  washed once wi th  t e t r a l i n  and once w i t h  t h e  r e f e r e n c e  hydro- 
g e n a t i o n  feeds tock  a t  r e a c t i o n  tempera ture  and p r e s s u r e .  T h i s  concluded 
t h e  f i r s t  c o a l  run of a test  series on t h e  same c a t a l y s t  charge.  

The n e x t  s t e p  i n  t h e  tes t  procedure w a s  t o  measure c a t a l y s t  
hydrogenat ion a c t i v i t y  of  t h e  a romat ic  hydrocarbon s t a n d a r d .  P r i o r  t o  
t h e  s tar t  of t h e  hydrogenat ion a c t i v i t y  t es t ,  t h e  a u t o c l a v e  w a s  p rehea ted  
t o  720°F. Upon t h e  a d d i t i o n  of 1000 cc of t h e  r e f e r e n c e  f e e d s t o c k  
(Table  1) and p r e s s u r i n g  t o  2000 PSIG wi th  hydrogen w i t h  s t i r r i n g ,  t h e  
tempera ture  of t h e  c o n t e n t s  of t h e  a u t o c l a v e  dropped t o  6500F +50F which 
then  became t h e  o p e r a t i n g  temperature  of  t h e  s t a n d a r d  test .  A t  f i f t e e n  
minute i n t e r v a l s  s m a l l  samples of  t h e  hydrogenated f e e d s t o c k  are with-  
drawn f o r  r e f r a c t i v e  index  measurement. T h i s  a l lows  us  t o  o b t a i n  a rate 
of  R I  decrease  and can determine t h e  e x a c t  t i m e  r e q u i r e d  t o  reach t h e  

I 
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d e s i r e d  p o i n t  of hydrogenat ion .  The d e c r e a s e  d e s i r e d  i s  lower ing  t h e  
index  from 1.5877 to 1.5700. This  r e p r e s e n t s  approximately a 50% con- 
v e r s i o n  of b i c y c l i c  a r o m a t i c s  t o  t h e  corresponding t e t r a l i n s .  A f t e r  t h e  
hydrogenat ion t e s t  is  completed,  t h e  u n i t  i s  prepared  f o r  t h e  n e x t  c o a l  
run  by fo l lowing  t h e  t e s t  procedure  o u t l i n e d  a f t e r  c a t a l y s t  p r e s u l f i d i n g .  
This  sequence of per forming  a c o a l  l i q u e f a c t i o n  run  fol lowed by t h e  
c a t a l y s t  hydrogenat ion a c t i v i t y  t e s t  can be repea ted  on t h e  same c a t a l y s t  
charge.  I n  t h e s e  exper iments  it was r e p e a t e d  between t h r e e  and e i g h t  
t i m e s .  

The s tandard  c o n d i t i o n s  u t i l i z e d  i n  each  series of  tes ts  a r e  out-  
l i n e d  i n  Table  3. The p o i s o n  s t u d i e s  i n  which t h e  c a t a l y s t  was exposed 
t o  a s i n g l e  e lement  p r e s e n t  i n  t h e  c o a l  ash is  similar t o  t h e  technique  
employed i n  t h e  c o a l  and r e f e r e n c e  hydrogenat ion tests. I n  t h e s e  tests,  
a s i n g l e  ash  component w a s  added t o  t h e  t e t r a l i n ,  i t s  weight  correspond-  
i n g  t o  i t s  c o n c e n t r a t i o n  i n  a t y p i c a l  coal run.  An example i s  t h e  u s e  of 
calcium carbonate .  I n  a t y p i c a l  c o a l  r u n ,  300g of coal is u t i l i z e d  which 
ana lyzed  a t  23.13% a s h  and 1.37% calcium oxide.  This  i s  p r o r a t e d  t o  show 
t h a t  1.8g of  calcium c a r b o n a t e  would be p r e s e n t  i n  t h e  ash.  The c a t a l y s t  
was exposed t o  t h i s  s i n g l e  e lement  i n  t e t r a l i n  a t  c o n d i t i o n s  corresponding 
t o  t h a t  employed i n  a t y p i c a l  c o a l  run.  C a t a l y s t  washing and t h e  r e f e r e n c e  
f e e d s t o c k  hydrogenat ion t es t s  a r e  i d e n t i c a l  t o  those  p r e v i o u s l y  descr ibed .  

RFSULTS AND DISCUSSION 

The apparent  d e a c t i v a t i o n  of heterogeneous c a t a l y s t s  employed i n  
c o a l  l i q u e f a c t i o n  p r o c e s s e s  ( so lva t ion-hydrogenat ion)  i s  r a p i d  when com- 
pared  t o  t h e  use of t h e  same c a t a l y s t  i n  petroleum p r o c e s s e s .  This  de- 
a c t i v a t i o n  r a t e  v a r i e s  depending upon c o n d i t i o n ,  type  o f  c o a l ,  etc. 
(F igure  1). The cause  o f  c a t a l y s t  d e a c t i v a t i o n  has  been a t t r i b u t e d  by 
o t h e r  r e s e a r c h e r s  t o  metals poisoning.  Analys is  of t h e i r  s p e n t  c a t a l y s t s  
has  shown t h e  presence  o f  h i g h  c o n c e n t r a t i o n s  of a l k a l i n e  and a l k a l i n e  
e a r t h  metals, a c i d i c  meta l  o x i d e s ,  and i r o n .  However, c a t a l y s t  a c t i v i t y  
i n  t h e s e  s t u d i e s  was measured by t h e  amount o f  unconverted c o a l  and 
product  d i s t r i b u t i o n  ( l i g h t  v s .  heavy e n d s ) .  W e  f e l t  t h a t  c a t a l y s t  
a c t i v i t y  as measured i n  t h e s e  systems w a s  being masked by t h e  g r o s s  
e f f e c t s  o f  t h e  o v e r a l l  p r o c e s s .  That  i s ,  c o a l  was be ing  conver ted  t o  
l i q u i d s  by t h e  t h r e e  p r e v i o u s l y  mentioned mechanisms o p e r a t i n g  i n  any 
h igh  temperature-donor so lvent -he terogeneous  c a t a l y s t  p rocess .  To b e t t e r  
de te rmine  t h e  d e a c t i v a t i o n  mechanism o r  poisoning  e lements  p r e s e n t ,  an 
i n v e s t i g a t i o n  was i n s t i t u t e d  t o  look a t  c a t a l y s t  a c t i v i t y  d u r i n g  c o a l  
l i q u e f a c t i o n  i n  t h e  e a r l y  s t a g e s  (100-200 h r s . )  , and t o  employ a more 
s e n s i t i v e  t es t  t o  measure c a t a l y s t  a c t i v i t y .  The best t e s t  t o  measure 
c a t a l y s t  a c t i v i t y  i s  t h e  hydrogenat ion of  a pure  a romat ic  hydrocarbon. 
This  test  is  very s e n s i t i v e  t o  c a t a l y s t  po isoning  by a d s o r p t i o n  o r  re- 
a c t i o n  of  t h e  hydrogenat ion metals w i t h  o t h e r  metals p r e s e n t  i n  t h e  
r e a c t i o n  media. 

S i n c e  t h e  coal l i q u e f a c t i o n  p r o c e s s  employs a donor s o l v e n t ,  i n  
t h i s  case t e t r a l i n ,  t h e  a romat ic  hydrocarbon chosen w a s  a methylnaphtha- 
l e n e  c o n c e n t r a t e  (Table 1). C a t a l y s t  a c t i v i t y  was measured as t h e  t i m e  
r e q u i r e d  t o  hydrogenate  t h i s  c o n c e n t r a t e  from t h e  naphtha lene  t o  t h e  50% 

I 



147 

-\ 

\, 

t 

t e t r a l i n  s t a g e .  This  rate w a s  chosen because a t  t h e  50% t e t r a l i n  s t a g e ,  
t h e  hydrogenat ion of t e t r a l i n  t o  d e c a l i n  h a s  n o t  occur red  which can com- 
p l i c a t e  t h e  rate of  r e a c t i o n  ( t i m e ) .  

A series of hydrogenat ion tests were made w i t h  t h e  v i r g i n  pre-  
s u l f i d e d  c a t a l y s t  and t h e  r e f e r e n c e  f e e d s t o c k  t o  e s t a b l i s h  uncontaminated 
c a t a l y s t  a c t i v i t y .  
feeds tock  o n l y , e s t a b l i s h e d  t h e  t i m e  necessary  t o  reach t h e  50% conversion 
l e v e l  us ing  t h e  v i r g i n  c a t a l y s t .  A s m a l l  d e c l i n e  i n  c a t a l y s t  a c t i v i t y  
w a s  recorded  between t h e  f i r s t  t w o  runs .  The remaining f o u r  runs  i n -  
d i c a t e d  t h a t  an asymptot ic  va lue  of  a c t i v i t y  had been reached .  The t i m e s  
for t h e s e  f o u r  runs  w e r e  averaged and t h i s  e s t a b l i s h e d  an e q u i l i b r a t e d  
c a t a l y s t  a c t i v i t y  t i m e  of  1 7 1  minutes .  From t h e s e  t es t s  i n i t i a l  c a t a l y s t  
a c t i v i t y  was determined and a s s i g n e d  a v a l u e  of c a t a l y s t  r e l a t i v e  
a c t i v i t y  of 1 .0 .  A l l  o t h e r  c a t a l y s t  a c t i v i t i e s  are measured r e l a t i v e  t o  
t h i s  va lue  and are determined as fo l lows:  

A series o f  s i x  p r e l i m i n a r y  r u n s  u s i n g  t h e  r e f e r e n c e  

C a t a l y s t  R e l a t i v e  A c t i v i t y  = 171 minutes  
T i m e  (min) t o  hydrogenate  t o  1.5700 

Since any s i g n i f i c a n t  po isoning  of  t h e  c a t a l y s t  by c o a l  c o n s t i t u e n t s  w i l l  
i n c r e a s e  Time (1.5700) t h e  denominator w i l l  always be g r e a t e r  than  171 
minutes .  Thus t h e  c a t a l y s t  r e l a t i v e  a c t i v i t y  w i l l  be between z e r o  and one. 

Coal L i q u e f a c t i o n  S t u d i e s  

Based upon o u r  i n i t i a l  premise a s  t o  c a t a l y s t  a c t i v i t y ,  c a t a l y s t  
d e a c t i v a t i o n ,  and l i q u e f a c t i o n  mechanisms, a series of s t u d i e s  on c a t a l y s t  
a c t i v i t y  d e c l i n e  d u r i n g  coal l i q u e f a c t i o n  w e r e  i n i t i a t e d .  W e  a n t i c i p a t e d  
t h a t  t h e  i n i t i a l  measurements of  c a t a l y s t  hydrogenat ion a c t i v i t y  would 
remain high ( n e a r  1 . 0 )  and would show a s l i g h t  d e c l i n e  i n  t h e  reg ion  of 
50-100 l b s .  c o a l  p e r  l b .  of  c a t a l y s t .  Beyond t h i s  p o i n t  c a t a l y s t  a c t i v i t y  
would d e c l i n e  more r a p i d l y  and t h e  ra te  would de te rmine  a t  what p o i n t  the  
c a t a l y s t  would be removed f o r  a n a l y s i s .  Analys is  a t  t h i s  p o i n t  would 
c o n s i s t  of s u r f a c e  a r e a  and pore size-volume measurements and t h e  determi- 
n a t i o n  of any t r a c e  e lements  absorbed on t h e  c a t a l y s t  s u r f a c e  from t h e  
c o a l  ash.  

A s  no ted  i n  F igure  2 t h i s  never  occurred.  A f t e r  many r e p e a t  t e s t s  
t o  c o r r e c t  o p e r a t i n g  procedure ,  and mechanical  problems,  w e  f i n a l l y  re- 
s o l v e d  t h a t  c a t a l y s t  d e a c t i v a t i o n  w a s  o c c u r r i n g  i n  t h e  f i r s t  t e s t  upon 
exposure t o  c o a l .  This  i s  shown by t h e  curve f o r  c o a l  l i q u e f a c t i o n  a t  
675OF. A d d i t i o n a l  experiments  w e r e  made a t  h igher  tempera tures  on t h e  
premise t h a t  t o o  much heavy m a t e r i a l  was remaining unconverted and re- 
q u i r e d  h i g h e r  tempera tures  t o  be cracked and hydrogenated t o  l e s s  
v i s c o u s  m a t e r i a l .  The curves  f o r  o p e r a t i o n  a t  7250F and 7750F show t h a t  
i n i t i a l l y  c a t a l y s t  a c t i v i t y  improved b u t  r a p i d l y  d e c r e a s e d  w i t h  subsequent  
c o a l  l i q u e f a c t i o n  r u n s ,  and approached ( w i t h i n  exper imenta l  error) t h e  
same u l t i m a t e  asymptot ic  va lue  of a c t i v i t y .  
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A t  t h i s  p o i n t  it w a s , n o t  known i f  c a t a l y s t  d e a c t i v a t i o n  w a s  due 
t o  carbon laydown o r  metals poisoning.  Analys is  of t h e  c a t a l y s t  by X-ray 
d i f f r a c t i o n  and AA showed o n l y  t r a c e s  of  a s h  components p r e s e n t  on t h e  
c a t a l y s t  s u r f a c e .  These were only  p r e s e n t  i n  0 . 1  w t .  % or less concen- 
t r a t i o n  which w a s  c o n s i d e r e d  i n s u f f i c i e n t  t o  d e c r e a s e  c a t a l y s t  a c t i v i t y  
any s i g n i f i c a n t  amount. 

The c a t a l y s t  w a s  t h e n  submit ted f o r  s u r f a c e  area and pore  volume 
a n a l y s i s .  The r e s u l t s  (Table 5 )  w e r e  more dramat ic  as t o  r e a s o n s  f o r  
c a t a l y s t  d e a c t i v a t i o n .  

TABLE 5 

S.A. Mi/% P.V.  cc /g  % c - W t .  % 

Fresh 4 7 1  260  0.46 0.0 
Used 471 - 675'F 126.5 0.20 18 

Used 471 - 775OF 158 0.25 15 

These r e s u l t s  showed t h a t  c a t a l y s t  d e a c t i v a t i o n  w a s  o c c u r r i n g  as 
soon as t h e  c a t a l y s t  c o n t a c t e d  t h e  c o a l - s o l v e n t  system. These heavy 
carbonaceous m a t e r i a l s  c o u l d  i n c l u d e  tars ,  a s p h a l t e n e s ,  mal tenes ,  r e s i n s ,  
etc. To e s t a b l i s h  if t h i s  theory  was correct .the c a t a l y s t  would only  
need t o  be  r e g e n e r a t e d  i n  air t o  remove t h e  carbon and be r e s t o r e d  t o  
v i r g i n  a c t i v i t y .  

F i g u r e  3 shows t h e  e f f e c t  of carbon on c a t a l y s t  and r e g e n e r a t i o n  
w i t h  a i r  on c a t a l y s t  a c t i v i t y .  The c a t a l y s t  w a s  c o n t a c t e d  w i t h  c o a l  for 
a s i n g l e  pass  and its a c t i v i t y  measured. I t  w a s  t h e n  r e g e n e r a t e d  i n  a i r  
a t  925OF and i t s  a c t i v i t y  measured. 
same c a t a l y s t  with t w o  c o a l  runs  i n  sequence. Regenerat ion w i t h  a i r  
a g a i n  r e s t o r e d  t h e  c a t a l y s t  t o  v i r g i n  a c t i v i t y .  The e f f e c t  of r e p e a t e d  
exposure of t h e  c a t a l y s t  t o  t h e  c o a l - s o l v e n t  sys tem g i v e s  c a t a l y s t  re- 
l a t i v e  a c t i v i t y  r a t e s  t h a t  f a l l  on  t h e  o r i g i n a l  curves  shown i n  Figure 2.  

These d a t a  show t h a t  c a t a l y s t  hydrogenat ion  a c t i v i t y  drops  drama- 
t i c a l l y  upon i n i t i a l  exposure  t o  a c o a l - s o l v e n t  system. C a t a l y s t  r e l a t i v e  
a c t i v i t y  drops t o  1 0 - 2 0 %  of v i r g i n  a c t i v i t y  when o n l y  20-40 l b s .  of  c o a l  
i s  processed  p e r  lb .  of  c a t a l y s t .  Those p r o c e s s e s  p r e s e n t l y  showing 
p o t e n t i a l  f o r  commercial development t h a t  have r e p o r t e d  a c a t a l y s t  
o p e r a t i n g  a t  a h i g h  and c o n s t a n t  a c t i v i t y  l e v e l  are i n  r e a l i t y  operating 
a t  a l e v e l  that  i s  a lmost  n e a r  complete d e a c t i v a t i o n .  T h i s  i s  f u r t h e r  
s u b s t a n t i a t e d  by t h e  sudden and r a p i d  d e c l i n e  i n  a c t i v i t y  t h a t  t h e y  
themselves  have r e p o r t e d .  

This  sequence was r e p e a t e d  on t h e  

Poisons i n  Coal Ash - C a t a l y s t  Impregnat ion 

The n e x t  phase  of t h i s  program was t o  determine t h e  major  elements 
p r e s e n t  i n  our  c o a l  a s h  (Table  2 )  and t h e  t y p e  of  compound they  r e p r e s e n t .  
This  was t e n t a t i v e l y  i d e n t i f i e d  by t h e  Chemical Engineer ing-Geological  
Department of t h e  U n i v e r s i t y ,  of  Kentucky. The f i r s t  s t e p  w a s  t o  s tudy  the 
effects  of t h e s e  e lements  on  c a t a l y s t  a c t i v i t y  by impregnat ion.  
g i v e s  t h e  r e s u l t s  of t h e s e  t e s t s .  

F igure  4 

/ 

1 
Y 
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The e lements  w e r e  impregnated upon t h e  Nalco 471 c a t a l y s t  th rough 
t h e  use  of w a t e r  s o l u b l e  s a l t s .  These sa l t s  w e r e  t y p i c a l l y  n i t r a t e s  or 
c h l o r i d e s .  A s  e x p e c t e d ,  t h e  a l k a l i  sa l t s  (Na, C a ,  Mg) gave t h e  h i g h e s t  
degree  of d e a c t i v a t i o n  whereas t h e  a c i d i c  components 
l i t t l e  or no d e a c t i v a t i o n .  Secondly,  t h e s e  curves  would g i v e  a b a s i s  f o r  
measuring c a t a l y s t  d e a c t i v a t i o n  when t h e  c a t a l y s t  was exposed t o  a s i n g l e  
a s h  compound. 

(B, T i ,  S i )  gaye 

Poisons  i n  Coal Ash - C a t a l y s t  Exposed t o  S i n g l e  Component 

n e x t  phase was t h e  exposure of t h e  Nalco 471 c a t a l y s t  t o  a s i n g l e  com- 
ponent.  This  was accomplished by employing t e t r a l i n  a s  t h e  s o l v e n t  and 
suspending t h e  s i n g l e  compound i n  t h e  donor s o l v e n t  as a f i n e  powder ( a s  
p r e s e n t  i n  t h e  c o a l  a s h  d u r i n g  a coal r u n ) .  The compounds u t i l i z e d  i n  
t h i s  series a r e  g iven  i n  F igures  5 and 6 a l o n g s i d e  of  t h e  a p p r o p r i a t e  
a c t i v i t y  curves .  I n  some c a s e s  t h e s e  a c t i v i t y  c u r v e s  a r e  i d e n t i c a l  t o  
t h a t  o b t a i n e d  f o r  t h e  impregnat ion tests and i n  o t h e r s  d i s s i m i l a r ,  

The b e s t  i n t e r p r e t a t i o n  of t h e s e  tests and c u r v e s  are g iven  i n  
Table  4 .  The grams of  each  compound u t i l i z e d  r e p r e s e n t s  i ts c o n c e n t r a t i o n  
i n  300g of  c o a l  (amount p e r  t e s t  r u n ) .  A f t e r  t h i s  had been exposed t o  
f i v e  r e p e a t  runs  ( t h e  e q u i v a l e n t  o f  6 0  l b s .  of  c o a l  p e r  lb. of c a t a l y s t ) ,  
t h e  c a t a l y s t  w a s  removed and ana lyzed  f o r  t h e  amount of  t h e  p a r t i c u l a r  
e lement  t e s t e d  t h a t  had been adsorbed on i t s  s u r f a c e .  This  f i g u r e  i s  
r e p o r t e d  as % meta l  o x i d e  on c a t a l y s t  - AA. The f i n a l  a c t i v i t y  of t h e  
c a t a l y s t  a f t e r  t e poison  s t u  y is  r e p o r t e d  under t h e  column c a t a l  s t  

The f l n a l  column c:talyst a c t i v i t y  based on F i g u r e d e  
-activity as e s t i m a t e d  from Figure  4 based upon t h e  amount of 
t h e  poison  (ash  c o n s t i t u e n t )  analyzed by AA and r e p o r t e d  accord ingly .  

ments. The l a r g e  d i s c r e p a n c i e s  occur  i n  t h e  o c c l u s i o n s  of  t h e  a c i d i c  
components. 

Upon complet ion o f  t h e  c a t a l y s t  po ison  s t u d y  by impregnat ion ,  t h e  

The b a s i c  m a t e r i a l s  fo l low f a i r l y  c l o s e  t o  t h e  a c t i v i t y  measure- 

SUMMARY AND CONCLUSIONS 

The l i q u e f a c t i o n  of  c o a l  i n  a donor so lvent -he terogeneous  c a t a -  
l y s t  system l e a d s  t o  c a t a l y s t  d e a c t i v a t i o n  by two t y p e s  of  po isons .  
These poisons  a r e  of  a temporary and permanent type.  The temporary 
poison  i s  a heavy carbonaceous m a t e r i a l  which acts immediately upon 
c a t a l y s t  a c t i v i t y ,  b u t  a c t i v i t y  can be restored t o  n e a r  v i r g i n  a c t i v i t y  
by an a i r  r e g e n e r a t i o n .  The permanent po isons  (no known commercial 
economical method known f o r  i ts  removal) a r e  t h e  components p r e s e n t  i n  
c o a l  ash.  The d e g r e e s  of  d e a c t i v a t i o n  by t h e s e  c o a l  a s h  components on 
heterogeneous c a t a l y s t s  have been determined and it has been shown t h a t  
t h e  a l k a l i n e  materials are more d e t r i m e n t a l  t o  c a t a l y s t  a c t i v i t y  than  
t h e  a c i d i c  components. 

O u r  f u t u r e  w o r k  w i l l  e n t a i l  s t u d i e s  t o  f i n d  a c a t a l y s t  t h a t  i s  
more a c t i v e  i n  t h e  presence  of t h e s e  carbonaceous materials. 
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Also we w i l l  de t e rmine  t h e  r a t e  of  d e p o s i t i o n  of t h e  e lements  
from coal a sh  on a c a t a l y s t  and t h e  r a t e  of change of c a t a l y s t  a c t i v i t y  
wi th  concen t r a t ion .  
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TABLE 1 

NALCOMO 471 
(Cobal t-Molybdenum- Alumina) 

CHEMICAL ANALYSESl W t .  % 

% MOOS 
% coo 
% Na20 
% Fe 
% Si02 

12.5 
3.5 
.05 
.03 

. 3  

PHYSICAL PROPERTIES 

Sur face  A r e a ,  M2/gm 
P o r e  V o l u m e ,  Cm:/gm 
Dens i ty ,  l b s / f t  
Dens i ty ,  gm/cc 
S t r e n g t h ,  lbs c rush  

* A t t r i t i o n  Index  
S i z e  
Form 

260 
(c C I S )  .46 

39 
.67 

(avg. 1 1 4  
92 

1/16" 
E x t r u d a t e  

* % Reta ined  on a 2 0  mesh s i e v e  a f t e r  tumbl ing  one hour .  

STANDARD ( 4 1  TK) FEED 
GC ANALYSIS ( W t .  % )  

1. 
2. 
3. 
4. 
5. 
6. 
7.  
8 .  
9 .  
10. 
11. 
1 2 .  
13.  
1 4 .  
15. 
16. 

L e s s  than  Naph. 
Naphthalene 
Naph-MN 
2-Methylnaph 
1 - M e  t h y  lnaph 

2-Ethy lnaph 
Biphenyl 
1-Ethylnaph 
2 ,6  + 2,7 DMN 
1 , 7  DMN 
1 , 3  + 1 , 6  DMN 
2 , 3  + 1 , 4  DMN 
1 , 5  DMN 
1 , 2  DMN 
Greater t h a n  DMN 

MN-EN 

R e f r a c t i v e  Index (24OC) 

9.61 
15.74 

4.06 
27.44 
13.78 

0 .41  
1 .91  

0.66 
5.60 
2.60 
7.33 
2.18 
0 .91  
1.55 
6.22 

----- 

1.5877 



Moisture 

Ash 

Vo l a t  i le s 

Fixed Carbon 

Sulfur 

BTU/ lb .  
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TABLE 2 

COAL SAMPLE 11-000 
#11 MADISONVILLE - F I E S  MINE 

I s l a n d  C r e e k  C o a l  C o m p a n y  

A S  RECEIVED 

4.68 

22.05 

33.90 

39.37 

3.68 

10,390 

ASH ANALYSIS - WT. % ASH 

Si02 53.81 

Fe 2 0  3 12.11 

T i 0 2  0.89 

A 1 2 0 3  23.48 

CaO 1.37 

MgO 0.80 

MOISTURE FREE 

----- 
23.13 

35.56 

41.31 

3.86 

10,900 

! 
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TABLE 3 

\ ’  

STANDARD CONDITIONS 

COAL RUNS 

F i g u r e s  2 and 3 

Temperature OF - A s  Noted 

C a t a l y s t  - 25g Nalcomo 471 

S o l v e n t  - 1,OOOg T e t r a l i n  
S t i r r i n g  Rate  - 1200 RPM 

P r e s s u r e  - 2,000 PSIG 

Coal  - 300g 

STANDARD REFERENCE RUNS 

MEASURE RELATIVE ACTIVITY OF CATALYST 

F i g u r e s  2 ,  3 ,  4 ,  5 ,  6 

1,000 cc of 4 1  TK Feed 

P r e s s u r e  - 2,080 PSIG 
Temperature OF - 650 F 
S t i r r i n g  R a t e  - 1200 RPM 
C a t a l y s t  - 25g Nalcomo 471 

POISON STUDIES 

F i g u r e s  5 and 6 

Temperature OF - 675OF 

S o l v e n t  - l , , O O O g  T e t r a l i n  
S t i r r i n g  Rate  - 1200 RPM 

P r e s s u r e  - 2,000 PSIG 

Amount of S i n g l e  Poison Added per r u n  - See T a b l e  4 
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TABLE 4 
1 

ASH CONSTITUENT 

NaHCO 3 

CaCO 3 

MgCO 3 

Fez03 

T i c 1 2  ( C P ) 2  

NHbPO4 

N a 2 S i O 3  

g R U N  

1.0 

1 .8  

1.3 

8.0 

2.0 

0 .5  

1.0 

50 

CATALYST 
ACTIVITY 

0.53 

0.69 

0 .60  

0.34 

0.82 (R)  

0.80 (R)  

0.75 

0.69 

% METAL OXIDE 
ON CATALYST-- 

2.2 

0.44 

3.0 

10.0 

2.2 

1.1 T o t a l  
0.45 N a  

7.3 

CATALYST ACT. 
BASED ON F I G .  4 

0.51 

0.79 

0.72 

0.38 

0.98 

0.9 - S i 0 2  
0.80 - N a  

0.90 

1 
(R)  = CATALYST REGENERATED I N  A I R  TO REMOVE CARBON OR AMMONIA 
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KINETIC HCDEL FOR COAL PYROLYSIS OPTIHIZATION 

H e i n r i c h  R e i d e l b a c h  ( l ! . S .  E. C a n d i d a t e )  
H a r t i n  S u m m e r f i e l d  ( P r o f e s s o r  of A e r o s p a c e  E n g i n e e r i n g )  

P r i n c e t o n  U n i v e r s i t y ,  P r i n c e t o n ,  New J e r s e y  

Nost c o a l  c o n v e r s i o n  p r o c e s s e s ,  l i q u e f a c t i o n  a s  w e l l  a s  
q a s i f i c a t i o n ,  a r e  c o n d u c t e d  a t  e l e v a t e d  t e m p e r a t u r e s  ( > 400. C ) .  A t  
t he se  t e m p e r a t u r e s  t h e  c o a l  decomposes  t o  y i e l d  v o l a t i l e s  ( t a r s  a n d  
g a s e s  ) a n d  a s o l i d  r e s i d u e  ( c h a r  ) .  I f  t h i s  is d o n e  i n  d n  i n e r t  
a t m o s p h e r e  t h e n  t h e  coa l  w i l l  o n l y  p y r o l y s e .  However, i f  t h e r e  is a 
r e a c t i n g  a m b i e n t  a t m o s p h e r e  ( e.g. h y d r o g e n  o r  steam ) ,  i n  a d d i t i o n  t o  
t h e  p y r o l y s i s ,  g a s i f i c a t i o n  of t h e  c h a r  a n d  r e a c t i o n s  of t h e  v o l a t i l e  
matter w i t h  t h e  r e a c t i n g  y a s  w i l l  o c c u r .  Before w e  c a n  model  t h e  
complex s i t u a t i o n  w i t h  a r e a c t i n g  a m b i e n t  g a s ,  a b e t t e r  u n d e r s t a n d i n g  
of t h e  p y r o l y s i s  of c o a l  in a n  i n e r t  a t m o s p h e r e  m u s t  b e  o b t a i n e d  , 

Nost of t h e  c o n v e r s i o n  p r o c e s s e s  t h a t  h a v e  b e e n  o r  a r e  b e i n g  
d e v e l o p e d  a t  p r e s e n t  are b a s e d  o n l y  o n  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  
i n  bench scale  e x p e r i m e n t s  o r  i n  s o - c a l l e d  p r o c e s s  d e v e l o p m e n t  u n i t s .  
S i n c e  t h e s e  e x p e r i m e n t s  a r e  time a n d  money c o n s u m i n g ,  t h e  whole  r a n g e  
of p r o c e s s  p a r a m e t e r s  c a n  n o t  a l w a y s  b e  c o v e r e d .  Hence i t  is n e v e r  
c e r t a i n  w h e t h e r  t h e  optimum c o n d i t i o n s  for a s p e c i f i c  p r o c e s s  h a v e  
been found ,  a f t e r  a l i m i t e d  ser ies  of e x p e r i m e n t s .  Here a t h e o r e t i c a l  
m o d e l i n g  t e c h n i q u e  w o u l d  b e  a much more e t f i c r e n t  way of o p t i m i z i n g  
t h e  p r o c e s s .  Any t h e o r e t i c a l  model  f o r  a p y r o l y t l c  c o a l  c o n v e r s i o n  
Frocess would be b a s e d  o n  a) a k i n e t i c  model  t o c  c o a l  p y r o l y s i s  a n d  b)  
a m a t h e m i t i c a l  model  of t h e  f l o w  reactor. 

The p u r p o s e  of t h i s  s t u d y  is t o  e s t a b l i s h  a c h e m i c a l  k i n e t i c  
model which l a t e r  w i l l  b e  c o u p l e d  w i t h  f l u i d - m e c h a n i c a l  models for  
severa l  f low reactors. T h i s  k i n e t i c  model s h o u l d  b e  a p p l i c a b l e  o v e r  a 
wide  r a n g e  of , o p e r a t i n g  c o n d i t i o n s  ( e.g.  t e m p e r a t u r e ,  h e a t i n g  r a t e  ) 
i n  o r d e r  t h a t  t h e  o p t i m i z a t i o n  of a new p r o c e s s  n o t  b e  l i m i t e d  b y  t h e  
a p p l i c a b i l i t y  of t h e  k i n e t i c  scheme. T h e  k i n e t i c  scheme s h o u l d  be a b l e  
t o  d i s t i n g u i s h  b e t w e e n  c o n d e n s i b l e  t a r s  a n d  n o n - c o n d e n s i n g  gases, t o  
al low t h e  o p t i m i z a t i o n  of e i t h e r  l i q u e f a c t i o n  or g a s i f i c a t i o n  
p r o c e s s e s .  

Our  c h e m i c a l  k i n e t i c  model  w i l l  b e  b a s e d  o n  e x p e r i m e n t a l  r e s u l t s  
t h a t  have  b e e n  r e p o r t e d  i n  t h e  l i t e r a t u r e .  However, a number of 
s i m p l i f i c a t i o n s  w i l l  b e  i n t r o d u c e d  b e c a u s e  t h e  a v a i l a b l e  d a t a  d o  n o t  

i 
c 
! 
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a l w a y s  c o n t a i n  t h e  s ? e c i f i c  i n f o r m a t i o n  t h a t  i s  n e c e s s a r y  t o  o b t a i n  
k i n e t i c  v a l u e s  for our  s c h e m 2 .  S i n c e  ms t  of  t . h e  p u h l i s h e d  
s x p e r i m o n t a l  r e s u l t s  a r e  f o r  h i g h  v o l a t i l e  A b i t u m i n o u s  c o a l s ,  Y e  
l i r n i t s d  o u r  a t t e n t i o n  t o . s u c h  hvhh coals f o r  t h e  f i r s t  aFFroacn .  

B e f o r e  we can p o s t u l a t e  a k i n e t i c  scheme f o r  C o a l  ? y r o l ? s i s  we 
h d v e  t o  d e f i n e  t h e  c h 3 r a c t e r i s t i c  p a r a m e t e r s  o f  c o a l  p y r o l y s i s  and 
s p e c i f y  t h e  r a n g e  i n  w h i c h  t h e s e  p a r a u e t e r s  might  v a r y .  

; h e  p y r o l y s i s  of c o a l  l eads  t o  two g e n e r a l  pr0duct.s:  a) t h e  
v o l a t i l e  matter which n a y  D e  a i v i d z r l  i n t o  p i t c h ,  t a r ;  l i g h t  o i l ,  g a s e s  
a n d  c a r b o n i z a t i o n  w a t e r ,  and b) s o l i d  r e s i d u e  c o n p r i s i n g  coke or char. 
p i t c h ,  t a r  a n d  l i q h t .  o i l s  a r e  oEt.sn s i m p l y  lumped t o g e t . h e r  and c a l l e d  
tdrs. T h e  c a r b o n i z a t i o n  w a t e r  i n c l u d e s  t he  ammonia, The FrOdUCt g a s e s  
account '  f o r  e v e r y t h i n g  t h a t  is g a s e o u s  a t  s t a n d a r d  t e m p e r a t u r e  and 
p r e s s u r e ,  s u c h  as h y d r o c a r b o n s  ( s a t u r a t e d  and  u n s a t u r a t e d ) ,  hydrogen  , 
a n d  o x i d e s  of c a r b o n .  P i t c h  is a s o l i d  a t  s t a n d a r d  t e m p e r a t u r e  and 
pressure, b u t  s i n c e  it l e a v e s  t h e  r e a c t o r  a s  v o l a t i l e  matter, it is 
lumped i n  w i t h  t h e  t a r s .  

The v a r i a h l e s  a n d  t h e i r  t y p i c a l  r a n g e  t o  h e  c o n s i d e r e d  i n  t h e  
m o l e l i n g  o f  a c o a l  p y r o l y s i s  p r o c e s s  f o r  a q i v e n  c o a l  i n c l u d e :  

A) f i n a l  process t e r p e r a t u r e  ( ICCO C up t o  a b o v e  10PC C ) 
9) t h e  h e a t i n s  r a t e  or t e m p e r a t u r e  history of t h e  c o a l  ( ?Cis  

C/.sec up t.o 1 0 5  ~/sec, c o r r e s p o n d i n g  t o  h e a t - u p  times r a n g i n g  
from s e v e r a l  months  t o  as  s h o r t  as t e n  m i l l i s e c o n d s . )  

C) c o a l  p a r t i c l e  s i z e  ( 1 0 p m  u p  t o  s e v e r a l  nm ) 
D) pressure i n  t h e  r e a c t o r  ( 1 atm t o  SO atm ) 

' E) r e s i d e n c e  time of t h e  c o a l  a n d  t h e  v o l a t i l e  m a t t e r  i n  t h o  
reactor, which  is d e p e n d e n t  on t h e  t y p e  of t h e  r e a c t o r  (e.g. 
f i x e d  bed c o u n t e r - f l o w ,  e n t r a i n e d - f l ? w ,  etc.) and  t h e  r e a c t o r  
size. 

The r e s i d e n c e  time of t h e  pronucts  i n  t h e  reactor  is d e t e r m i n e d  
by t h e  b e d  d e p t h  a n d  t h e  flow r a t e  of sweep g a s  t h r o u q t  t h e  r e a c t o r .  
? h e  t e m p e r a t u r e  history of e'ach c o a l  p a r t i c l e  is d e t e r m i n e d  by t h e  
t e m p e r a t u r e  of  t h e  gas and t h e  p r e s s u r e  in t h e  r e a c t o r ,  as well a s  by 
t h e  c o a l  p a r t i c l e  sizs. However, f o r  o u r  p a r a n e t r i c  s t u d i e s ,  w e  ~ r l l  
s?' ,r- i fy  a c e r t a i n  h e a t i n q  r a t e  a s  an  i n i i e p e n d a n t  p a r a m e t e r ,  and  then  
the qas temperature a n d  t h e  c o a l  p a r t i c l e  s i z e  needed  t o  b e s t  
a c - o m p l i s h  t . h i s  t e m p e r a t u r e  h i s t o r y  c a n  b e  s e l e c t e d  s e p a r a t e l y  . 

A General R e f e r e n c e s  

T h e  p y r o l y s i s  o t  coal has received s u b s t a n t i a l  a t t e n t i o n  t o r  
d e c a d e s  b u t  u n t i l  a b o u t  15 y e a r s  ago  most a f  t h e  work was conce fnod  
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u i t h  c o a l  c a r b o n i z a t i o n  a n d  c o k e  p r o d u c t i o n ,  i.e. coa l  p y r o l y s i s  w i t h  
slov h e a t i n q  r a t e s  a n 3  long r e s i d e n c e  t i m n s  of t h e  s o l i d  m a t e r i a l  a n d  
t h e  v o l a t i l e s  in t h e  h o t  reactor [ 1 - 8 1. Y o s t  of t h i s  work was d o n e  
iii f i x e d  hed  r e a c t o r s  o r  i n  l a h o r a t o r y  r e to r t s .  The o b j e c t i v e  was t h e  
o y t i r r i z a t i o n  of  t h e  q u a l i t y  a n d  y i e l d  of c o k e .  E x t e n s i v e  u n d e r s t a n d i n g  
o f  t h e  s t r u c t u r e  of c o a l  and  of t h e  p r o d u c t s  of t h e  carbonizat ion 
process was o b t a i n e d  t h r o u g h  t h e s e  s t u d i e s .  

S e v e r a l  s t a n d a r d  l a b o r a t o r y  methods  were r l e v e l a p e d  i n  c o n n e c t i o n  
w r t h  t h e  p y r o l y s i s  p r o c e s s e s .  T h e s e  i n c l u d e  t h e  P i s c h e r  I s s a y  ( 
o r i g i n a l l - r  c a l l e d  t h e  F i s c h e r - S c h r a d e r  F.ssay, d e v o l o p e d  i n  1920 ) [ 451, 
t n e  Bureau of Y i n e s  - Pmcr ican  Gas h s s o c i a t i o n  Method [ 6 ] a n d  t h c  
Gray-Fing  Assay,  T h e s e  are used t o  d e t e r m i n e  c a r b o n i z a t i o n  p r o p e r t i e s  
a n d  the v o l a t i l e  matter c o n t e n t  of t h e  c o a l .  Z i l c h  e m F l o y s  s l o v  h e a t i n g  
rates u f t h  maxinua  t e a p e r a t u r e s  between SCq a n d  9CO C, w i t h  no s w e e p  
g a s  u s e d  t o  remove t h e  p y r o l y s i s  p r o d u c t s .  AS a r e s u l t ,  n o n e  of t h e s e  
can p r e v e n t  s e c o n e a r y  r e a c t i o n s  between t h e  v o l a t i l e s  and t h e  c o k e .  

f o l l o v i n g  t h e  d i s c o m y  i n  1960 by L o i s o n  a n d  C h a u v i n  [ 9 ] Mat  
r a b i d  h e a , t i n g  of t h e  c o a l  results i n  a h i g h e r  v o l a t i l e  y i e l d  t h a n  
e x p e c t e d  a n  t h e  h a s i s  of an l S T B  p r o x i m a t e  a n a l y s i s  ( 40 1. nep coal 
p y r o l y s i s  n r o c e s s e s  hare b e e n  s t u d i e d  a n d  a b e t t e r  u n d e r s t a n d i n g  of 
ths p r o c e s s  h a s  b e e e n  a t t a i n e d .  

Studies of t h e  p y r o l y s i s  p r o c e s s  i n  p u l v e r i z e d  coal f l a m e s  h a v e  
y i e l d e d  i n f o r m a t i o n  o n  t h e  e f f e c t s  of r a p i d  h e a t i n g  r a t e s  10 - 1 3  1. 
S n s l l  p a r t i c l e s  ( < l n O p m )  a n d  h e a t i n g  ra tes  up t9 5. * l C C T C / s a c  were 
us?d  i n  t h e  r e p o r t e d  t e s t s .  f l e a n u h i l a ,  i n t e re s t  i n  c o a l  correr~$esr mas 
q r t w i n g  at t h i s  time ( mid 1360's) and the  o b j e c t i v o  was neu t o  
i i x i m i z e  t b e  t a r  and qas y i e l d s  ( 1 4  - 17 1. T h e s e  pracasssn &re  
c x a r a c t e r i s m t  by r e s i d e n c e  times of t h o  p r o d u c t  gases of 1- tban 1 
n i n u t e  a r d  h i v h  h m t i n q  r a t e s  of t h e  coa l  p a r t i c l e s .  The -1 is 
i a v o l a t i l i a o d  i n  f l u i d i z e d  b e d s  o r  e n t r a i n e d  beds and  a carr iar  gas is 
u s e d  t o  r a q i d l y  sweep t h e  v o l a t i l e s  o u t  o f  t h e  reactor .  

Seve ra l  a u t h o r s  h a v e  p r e v i o u s l y  p r o p o s e d  d i f f e r e n t  r a e t i o n  
schgmes t o  d e s c r i b e  t h e  k i n e t i c s  o f  coal p y r o l y s i s .  J u s t  as i n  t h e  
q o n e r s l  l i t e r a t u r e  o n  c o a l  p y r o l y s i s ,  t h e s e  m o d e l s  can b e  d i r i d r d  in to  
tua c l a s s e s  : 
a) Eodpls for  s low p y r o l y s i s  : hea t . i ng  r a t e  less t h a n  13-' C/sec or 
h u  f i n a l  t e m p e r a t u r e  ( < 69G C) 
5 )  Y o d e l s  for  f a s t  p y r o l p s i .  : h e a t i n g  r a t e  h i g h e r  t h a n  1 0 0  c/rsc and 
hLqh f t h a l  t e m p e r a t u r e  ( > 69C. C )  

P r o b a b l y  t h e  f i r s t  c h e m i c a l  model  i n  terms cf a c o m p l e x  of 
c h e m i c a l  r e a c t i o n s  was f o r m u l a t e d  b y  v a n  K r e v e l e n  et .  a l .  i n  1956 
( 1,3] .  They p r o p o s e d  t h e  f o l l o w i n g  o v e r a l l  scheme: 

I C o k i n g  C o a l  - H e t a p l a s t  
Ii n u t a p l a s t  - Semi-coke + P r i m a r y  Vola t i les  
i:I S m i - c o k e  - Coke + S e c o n d a r y  Gas 

I .  
':.ey did n o t  i n c o r p o r a t e  any s e c o n U a r y  r e a c t i o n s ,  a l t h o u q h  t h e i r  

ex p p r i u m n t a l  d a t a  Were from slov c a r b o n i z a t i o n  processes, u h e r e  
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s e c o n d a r y  r e a c t i o n s  c e r t a i n l y  o c c u r .  Van K r e v e l e n  p r o p o s e d  t h i s  scheme 
a s  a 1' m a t h e m a t i c a l  model 11 w i t h  many s i m p l i f i c a t i o n s ,  b u t  w i t h  t h e  
p o t  e n t i a 1  t o  e x p l a i n ,  a t  least  q u a l i t a t i v e l y ,  many o f  t h e  phenomena 
o b s e r v e d  i n  a c a r b o n i z a t i o n  p r o c e s s .  H i s  ma in  c o n c e r n  was t h e  
s o f t i n i n q  o f  t h e  c o a l ,  w i t h o u t  b e i n g  as c 3 n c e r n e d  w i t h  p r e d i c t i n g  
y i e l d s .  He assumed f i r s t - o r d e r  r e a c t i s n s  w i t h  an A r r h e n i u s  t y p e  Kate 
l aw.  ~ s c a u s e  o f  t h e  s i m p l i c i t y  o f  t h i s  model, i t  q a v e  o n l y  q u a l i t a t i v e  
c a s u l t s  and  was a p p l i c a b l e  o n l y  t o  a s m a l l  t e m p e r a t u r e  r a n q e  a n d  low 

. h e i t i n q  r a t e s .  

H i l l  a n d  Wiser a t  t h e  U n i v e r s i t y  of Utah [ 18,19 ] c o n d u c t e d  a 
s e r i e s  o f  l o n g  d u r a t . i o n  ( u p  t o  10 h o u r s  ) ,  l > w  t e m p e r a t u r e  p y r o l y s i s  
e x p e r i m e n t s .  T h e y  o b s e r v e d  th ree  r e q i o n s  w i t h  d i f f e r e n t  r e a c t i o n  
or lers .  I n  t h e  f i r s t  60  m i n u t e s  t h e  r a t a  of t h e  r e a c t i o n  was 
a p p r o r i m a t e l y  o f  t h e  s e c o n d  o r d e r .  T h i s  p e r i 3 d  was f o l l o w e d  by  a f i r s t  
o r d e r  p e r i o d  f o r  a b o u t  1@0 m i n u t e s .  The l a s t  r e g i o n  was  f o u n d  t o  be 
z o n t r o l l e d  by  a zero o rde r  r a t e  law. T h i s  s e q u e n c e  was i n t e r p r e t e d  i n  
terms 3f s i x  c h e m i c a l  r e a c t i o n s ,  t h a t  h a v e  been  f o r m u l a t e d  w i t h  
m l e c u l s r  compounds. T h i s  mechanism is b a s e d  on e x p e r i m e n t a l  d a t a  f o r  
o n l y  t h e s e  s l o w  pmcesses, and i t  is n o t  a p p l i c a b l e  t o  f a s t  p r o c e s s e s .  

B a r k o w i t z  C R ] o b t a i n e d  s i m i l a r  d a t a  for slow e x p e r i m e n t s  and 
c 3 n c l u d e d ,  t h a t  f o r  t h e  c o n d i t i o n s  of h i s  e x p e r i m e n t s  t h e  r a t e  
d e t e r m i n i n g  s t e o  o f  t h e  p y r o l y t i c  r c n c t i 2 n  was t h e  d i f f u s i o n  o f  t h e  
v o l a t i l e  m a t t e r  out. of t h e  c o a l  p a r t i c l e .  La ter ,  however ,  P i t t  [ 5 ] 
u s e d  h i s  own e x p e r i m e n t . a l  d a t a  a n d  t h e  d a t a  3f B e r k o v i t z  t o  s u p p o r t  a 
zhemical model .  P i t t  i n t e r p r e t e d  c o a l  a s  a m i x t u r e  o f  many componen t s  
t h a t  c p n  decompose i n a e p e n d e n t l y ,  f o l h w i n q  a f i r s t  o r d e r  r e a c t i o n  
w i t h  a w i d e  d i s t r i b u t i o n  o f  a c t i v a t i o n  e n e r g i e s .  U n f o r t u n a t e l y ,  P i t t  
iil n o t  d e t e r m i n a  t h e  w e i g h t  l o s s  d i r e c t l y ,  b u t  u s e d  t h e  r e m a i n i n q  
v o l a t i l e  m a t t e r  i n  t h e  c h a r  as a m e a s u r e  o f  t h e  d e g r e e  of 
d e c o m p o s i t i o n .  P u r , t h e r r n o r e ,  he  u s e d  a f i x e d ,  a r b i t r a r y  f r e q u e n c y  
f a c t o r .  o f  1.6.11)13 sec-' i n  t h e  k r r b e n i u s  f o r m u l a  t o  d e t e r m i n e  t h e  
d i s t r i b u t i o n  of  t h e  a c t i v a t . i o n  e n e r g i e s ,  which  o f  c o u r s e  is  a n  
a r b i t r a r y  c o n s t r a i n t  t h a t  a f f e c t s  t h e  n u m e r i c a l  v a l u e s  of t h e  
a c t i v a t i D n  e n e r g i e s .  

Between 1960 and 1970, Peters and J u e n t q e n  e t . a l .  a t  t h e  
Be rgbaufDrschung  G m b H  i n  E s s e n ,  Germany [ 2,20,22,23 J d i d  some 
extensive s t . u d i e s  o n  t . h e  g a s  r e l e a s e  o f  h y d r o c a r b o n s  d u r i n q  v e r y  slow 
c a r h o n i t a t i o n .  T h e y  found  t h a t  t h i s  g a s  r e l e a s e  can b e  modeled by many 
p a r a l l e l  f i r s t - o r d e r  s i n s l e  r e a c t i o n s ,  i . e .  by a f i r s t - o r d e r  r e a c t i o n  
complex  w i t h  d i s t r i b u t e d  a c t i v a t i o n  e n e r g i e s  a n d  f r e q u e n c y  factors .  
T h e y  p o s t u l a t e d  t h a t  t h e  g a s  release o c c u r s  i n  a s e q u e n c e  of t h e  
f o l l o w i n g  f 3 u r  s t e p s  22 1: 

A)  t h e r m a l  a c t i v a t i o n  of t h e  c o a l  s u b s t a n c e  ( e q u i l i b r i u m  

9 )  u n i m o l e c u l a r  react i o n ,  bond s c i s s i o n s  and f o r m a t i o n  of 

: I  r e a c t i o n  o f  two r a d i c a l s  t o  f o r a  a s t a b l e  m o l e c u l e  
D) f l i f f u s i o n  Of t h e  m o l e c u l e  o u t  o f  t h e  p a r t i c l e  

f i g u r e  1 is a s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h i s  p r o c e s s .  The 
a r o m a t i c  r i n g  u i t h  a l i p h a t i c  s i d e  c h a i n s  r e p r e s e n t s  t h e  coal 

r e a c t  i o n  ) 

r a d  i c a  Is 

i 
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s t r u c t u r e .  

B e s i d e s  t h e s e  models  t h a t  d e a l  o n l y  w i t h  slow p r o c e s s e s ,  some 
m33els h a v e  b e e n  d e v e l o p e d  t h a t  c a n  b e  a p p l i e d  t o  a f a s t  p y r o l y s i s  
p r o c e s s  ( h e a t i n q  rates 5 0 0  C/sec a n d  u p  ) .  

K o b a y a s h i  [ 2 0  ] u s e d  t h e  dat .a  I f  Kimber and Gray  [ 1 3  ] and 
B a d z i I c h  a n d  Hawkslny [ 11 ] t o  d e v e l o p  a k i n e t i c  model  for t h e  r a p i d  
l e C o m p 3 s i t i o n  o f  p u l v e r i z e d  coal p a r t i c l e s .  H i s  mechanism c o n s i s t e d  of 
two c o m p e t i n g  f i rs t .  o r d e r  r e a c t i o n s  : 

i) 

c I- ( 1 - x,) si + XI v, 
c & ( 1 - Xa)  s, + x 1  v2 

The k i n e t i c  v a l u e s  a n d  t h e  h e a t s  o f  r e a c t i o n  for t h e s e  two 
r e a c t i o n s  a r e  g i v e n  i n  T a b l e  T ( S t i c k l e r  e t .a l .  f o u n d  l a t e r  i n  h i g h  
t s n p e r a t u r e  e x p e r i m e n t s  t h a t  t h e s e  h e a t s  o f  reac t ions  a r e  
o v e r e s t i s a  e d  1 .  T h i s  mechanism is a p p l i c a b l e  o n l y  for h i q h  h e a t i n g  
r a t e s  ( loi C / s e c )  a n d  h i g h  t e m p e r a t r u e s  ( > 1000 I( ) :  i t  d o e s  not f i t  
t h e  s l o w ,  low t e m p e r a t u r e  p y r o l y s i s  d a t a .  

Very r e c e n t l y  S t i c k l e r  n t . a l .  [ 25 ] a p p l i e d  t h i s  s c h e m e  t o  model  
t h e  q a s i f i c a t i o n  o f  p u l v e r i z e d  c o a l  i n  h o t  c > m b u s t i o n  g a s e s .  They  
arfded a p h y s i c a l  gas flow and hea t  t r a n s p o r t  mMel,  so t h a t  t h e y  were 
i b l e  t o  c o n s i d e r  t h e  h e a t - u p  of p a r t i c l e s  of d i f f e r e n t  s i z e  classes. 
They u s e d  t h i s  model  fo r  c o m p a r i s o n  w i t h  e x p e r i m e n t a l  r e s u l t s  fo r  v e r y  
h i q h  h e a t i n q  rates ( 1 0 5 C / s e c  ) a n d  h i g h  f i n a l  t e m p e r a t u r e s  ( 1700  K - 2350 R ) .  I n  t h i s  l i m i t e d  r a n g e  of o p e r a t i n g  c o n d i t i o n s  t h e y  o n l y  
had  a few e x p e r i m e n t a l  p o i n t s  to c h e c k  t h e  a c c u r a c y  of  t h i s  scheme.  

Anthony w r o t e  (1974)  h i s  Ph.D. T h e s i s  on t h e  k i n e t i c s  o f  coa l  
p y r o l y s i s  and h y d r o q a s i f i c a t i o n  [ 26 1. H e  c o n d u c t e d  e x p e r i m e n t s  o v e r  
a t e m p e r a t u r e  r a n g e  o f  UO3 C t o  1 0 0 0  C a n d  w i t h  h e a t i n g  r a t e s  v a r y i n g  
f r o m  l o a  t o  10' C/sec. H e  f o u n d  t h a t  t h e  w e i g h t  l o s s  d e p e n d s  on t h e  
f i n a l  t e m p e r a t u r e ,  b u t  not o n  t h e  h e a t i n g  ra te ,  T h i s  l e d  him t o  
c o n c l u d e  t h a t  t h e r e  a r e  no c o n c u r r e n t ,  w i d e l y  d i f f e r e n t  c o m p e t i t i v e  
r e a c t i o n s ,  Ae therefore  p r o p o s e d  a m u l t i p l e  react ion model  v i t h  a 
s t a t i s t i c a l l y  d i s t r i b u t e d  a c t i v a t i o n  e n e r g y ,  but. w i t h  a cons t an t  
f r e q u e n c y  factor .  For a b i t u m i n o u s  c o a l  h e  d e t e r m i n e d  E = 32.7 - U l . 1  
kca L/mole a n d  sl = 2 . 9 1  1 O s  sec'* a t  1000 p s i a .  R e  a l s o  i n t r o d u c e d  
s e c o n d a r y  d e p o s i t i o n  r e a c t i o n s  for a ti r e a c t i v e  p a r t  of t h e  v o l a t i l e  
m a t t e r ,  which  c o m p e t e  v i t h  t h e  d i f f u s i v e  e s c a o e  3f t h e  v o l a t i l e s .  H e  
d e t e r m i n e d  t h e  r a t i o  of t h e  r e a c t i o n  r a t e  of t h e  s e c o n d a r y  r e a c t i o n s  
t o  t h e  o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t  from e x p e r i m e n t a l  results and  
d i d  n 3 t  i n v e s t i g a t e  these d e g r a d a t i o n  reacti3ns i n  d e t a i l .  N e i t h e r  
Rnthony n o r  K o b a y a s h i  , however ,  made a n y  d i s t i c t i o n  b e t w e e n  t a r  and  
q i s  i n  t h e  v o l a t i l e  matter. 

The n u m e r i c a l  v a l u e s  f o r  t h e  k i n e t i c  p a r a m e t e r s  of t h e  r e a c t i o n  
scheme ( a c t i v a t i o n  e n e r q i e s ,  f r e q u e n c y  factors ,  a n d  s t o i c h i o m e t r i c  
c o e f f i c i e n t s  ) p r o p o s e d  i n  t h e  p r e s e n t  s t u d y  were d e d u c e d  i n  p a r t  h y  
f i t t i n g  t h e  t h e o r e t i c a l  p r e d i c t i o n s  w i t h  r e l e v a n t  d a t a  r e p o r t e d  i n  t h e  
literature. I n  t h e  p r e s e n t  s t u d y ,  a t t e n t i o n  h a s  b e e n  c e n t e r e d  m a i n l y  



/ 
% a r k  Doze by  QaAzioch  and  !ia!.;i.r;lcy a t  t h e  E r i t i . s h  Coal " , 7 

3 t i l i s a t i o n  6 c s c a r c h  % s o c a t i o n  (?c[:>ri ) ' 

I > -  - d i r z i ~ c k :  a and uawksley s i m u l a t e ?  t h e  c o n d i t i o n s  i r ,  a ? u l v n r i z e d  
c a z 1  t laaie ,  i . e .  h i g h  h c a t i n q  r a t a s  ( 2 S P ; c .  - 5?*C?1?. C/sec ) an3 h iq t?  
t c m p e r a t u r c s  ( C - 0 5 0  C ) .  mhev U R ~ T ?  pulverize:! c o a l  u i + . h  a nsan 
p . ~ r c i c l : >  s i z c  or  afrorit 2n+m . T h e  e x p e r i m e n t s  wcre c a r r i e r !  o l i t  f o r  
t .!n i i i f f i ' r e n t  c o a l s ,  f r o r  which vc ckose c o a l  D , v h i c h  is a n  hv>..h 
c o a l  ' x i t h  a c o a L J o s i t i o n  s imilar  t o  t h a t  of c o a l  ? o o r s t  LecFold  u s c d  by 
?et .ar-;  a n d  J u e n t q n n .  

7k.c +xL;e r i aen ta l  a p p a i a t u s  v a s  a lamira i  f lo:{ f u r n a c e ,  ~ri;iich vas 
F.:.;lted t o  the  d a s i r e d  t c m p e r a t . u r e  a n d  t .hrouqh v h i c h  a p r e h e a t . ? &  flow 
s f  n i t r o q e r .  was b l o u n .  "'he c o a l  vas t h e n  i n j e c t . ? d  tcqet.her i J i t h  s o m  
col4 r i i t i o q e n  ( i n  a dilate f l o w  ) i n t o  t h e  h o t  main g a s  stream. '?re 
i i s r l t - l : D  o f  the  c o a l  ? a r t i c l e  was r a t e - c o n t r o l l e ?  by t . h?  !ni::inq of t h o  
c o l f  anr', t k . c  k o t  gzses, u h i c k  vas found  t.0 take a p p r c x i n e t . e i y  2 p  Z S E C  
( f o r  20  ,F n ? a r : L i c l e s ,  t h e r m 1  e q u i l i b r a t h n  i n t e y n a l l y  is f a s t  
c a i ~ ? . r e ?  w i f h  t h c  f l u i d - r c c h a n i c a l  n i x i n g  r a t e  ) . ?!le c o z l  particles 

d .  L ~ s - ~ r x ~  -,.., f m m  the. i n  jnctor. " h i s  d i s t a n c e  c o n t r a l l n d  t h e  i .>si?t?r?cn 
ti?? o f  :'.e p d r t . i c l * s  i n  t h e  E u i n a c e .  T h e  w3Lght loss !:as 6cter3ir .c?? 
b y  a n a l v s i n c ;  the s o l i 6  r e s i d u e  w i t h  respect t o  t h e  a s h  c c r . t z 2 t  acad t h e  
p r o x i n a t . e  v o l i i t i l e  m a t . t e r .  

v e ~ e  c o l l e c t e d  and ra Fidly quenchGd a f t e r  t r a v e l l i n g  a p x d e t ? r r i : ? C ?  ..! 

? u a l i . t i i t . L v e  c e s i i l t s  a r e  ; 
.: ) T k c  d - v o l a t i l i z a t i o n  profiiict:? a r e  r icher  i n  tdrs f o r  t h i s  

f d s t  ;irocess tha r :  f o r  a nlo:: p y r o l y s i s  [ : D  J .  
2 ) :he v c i : i h t  loss c x c e o d + d  t!l-? n r o x z s a t c  v o l a t i l c  :: .attar >y a 

f i i c t o i  3t ' . 3  - 7 . 3  , d e p e n d i n g  on t . h e  c o a l  r a n k .  
) FVsi;  t h O U q h  t h e  ue iqh t .  l o s s  c u r v e  l e v e l o n  o f f  a f t e r  2So:it  18';: 

mscc ( d e p E : : d i n g  on t h e  t e m e i a t u r e  ) some r e s i d u a l  v o l a t i l e  m a t t e r  
' J i i S  fsi:nd i n  t .h2 c h a r .  

1 
\ - .  . ~ s y  veri! a s l e  t o  f i t  t h e  e x p e r i r x n t % 1  r e s u l t s  ! ~ i t . h  a 2  e m p i i i c a l  

1 
r z l a t i o r .  f o r  t t a  ! e i g h t  loss as a f u n c t i o n  o f  t i m e  and t e r p s i a t u r e  : 

\ 
tiia h e a t - u p  p e r i o d .  T h e  t i m e  s c a l a  u s e d  i n  t h e  e q u a t i o n  t h e r e f o r e  t 

h c d e vo 1 a t. i li z a t  i CI: c u r v e s  s ho !+ t. ?. a t  d pvo 1 a t  i 1 i z  2 t i ar? s t a  r t . s  
;i:iout 2:: IBSW a f t e r  the i n j e c t i o n ,  i .e .  a p p r o x i m a t e l y  zt thc and O S  
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4 . ,' 

? h i s  e q u a t i o n ,  w h i c h  was d c r i v e ?  f o r  3 f i r s t - o r d c r ,  ; , r z? : ? .n iu~  
c y n s  r a t e  l a u ,  q i v e s  a l i n e a r  r e l a t i o n  b e t w e e n  l n ( r n / ~ Z )  2r.d i / ~ ~ ,  if 
C ~ H  r c i i c t . i nn  mechanism r e t a i n s  + h e  sane 3vcr a c e r t a i n  rilrlqp of 
h,.ot.ing r a t e s .  

J 
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Thn r;!ain r e s u l t s  C B E  b e  s u r n r a r i z e d  as  f o l l o v s :  
A j ?or a l l  h y d r o c a c h o n s  a l i n e a r  r a l a t i o n  b s t ; i c a n  1 n ( i ? / T r 2  ) &?:: 

l/-,,., was found over the  vho la  rengc o f  h e a t i n g  r a t e s  t h i i t  '.:AS 

p r o E u c t i o n  o f  t h e s e  species does n o t  c h a n g e  for  these h e a t i n g  i 2 t i s  
3% 1 r .gf i?crs t .urcs .  

3 ) T h e  b e s t  f i t  o f  t h e  c x p e r i r e n t a l  y i e l d  v e r s u s  t e r w r a t u r e  
zurv6:s f o r  t h e  h i o h o r  h y d r o c a r b o n s  ( C2 a n 3  !IF ) was o?,talne*. :-y 
u s i r c ~  a. r a t e  law v i t h  a d i s t r i h u t s d  a c t i v a t i o n  enerqy a7.G f raci!cncy 
f d c t o r  ( r e a c t i o ?  c o x p l e x  ) .  It  v a s  i l s o  p q s s i h l e  t o  o t t + i n  k i n e t i c  
v a l u c s  f o r  the c a s e  o f  a s i n q l e  r a a c t i o n  (fiiscret-? a c t . i v a t i o n  ~ ? n e r 7 y ) ,  
"ut. there  th.a agrreelrcnt. b e t w o e n  t h e  a x p e r i s a n t a l  and t h e  t h o r e t i c a l  
c u r w s  v a s  n o t  a s  good as f o r  a r e a c t i o n  complex .  

: . = s i d e s  t h e s .  two m a j o r  works ficne at. CCU?.A and "I?, i n f o r m a t i o n  
f r n ~  oTti : r  p u S l i c a t i o n s  b a s  b e e n  used t o  o b t a i n  a k t t e r  p i c t u r e  of 

butvuer .  d i f f e r e n t .  p a r a m e t e r s  ( see s e c t i o n s  rl anc? 9 ) .  

i n v c s t i q a t e d .  T h i s  led t o  t h e  c o c c l u s i a n  t h a t  th-3 z e c h e I l i s n  f o r  t :,e 

.._ 
C '  ;xocess an2 t o  j u s t i f y  c e r t a i n  numbers  o r  c e r t a i n  r e l a t i o n s  

- .  - : : e  r e a c t i o n  scheme which  $re v a n t  t o  propos;! shoulr? tc? a n ? l i c a : , l o  

i . :&rmrt. i : i t  nara:.!.:<tcrs i n  r e a  Z c o n i s e r c i a ?  systH:Js. ? o l i o w i n i j  < r e  s o n s  of 
t ie ol;r;crvfd t r c n d s  w h i c h  shou ld  t;c r a f l c c t e d  i n  s u c h  a code:. 

:.) Y i e l d s  o f  v o l a t i l e  m a t t e r  i n c r e a s e  w i t h  i n c r e a c ? d  f i n a l  
z a t u r v  o f  t h o  p r o c e s s  [ 2 6 , 2 7 , 1 5  3 ,  
2 . )  Yicl?.s o f  v o l a t i l e  matter i n c r e a a o  v i t h  increasi!:c) k e a t i n g  

Z . )  Slow h e a t h y  ra tes  ( c a r b o n i z a t i o n  p r s c c s s e n )  ; r ie l - l  l a s s  %ai 

u.) I n c r e a s i n q  had h e i s h t  i n  8 f i x e d  hcd  r c a c t o r  decrcilsgs t h e  

5.) Tar v a p o r s  can b e  cracker l  a t  t e m p e r a t u r e s  above 63.7 : 

O V ~ T  c wi<e r a n q e  o f  p a r a m e t e r s ,  r e p r e s e n t i n g  i f  poz;s:ole . .  a l l  

i""clr; [ l C ~ , I ~ , l 2 , 1 6  1, 

tLhn  f a s t  d c v o l z t . i l i z a t .  i o n  n r o c e s s c s ,  

y i ? l d  o f  volatile matter [ 0,28 1, 
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\ 
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:r is p o z s i k L c  t,L.at i t e ! x  ( U )  a t 6  (5 )  F ?  n : i r t ,  r r L t , : t  'CCJ 

L C ~ I ~ S  ( ' I ) ,  ( 2 )  , a ~ ?  ! 3 ) ,  b u t  t!:ere ? c y  Se a d c F t . i o n a 1  f ; i i cYoiZ  : i O t  
~ . * . c o ~ p a ~ s e f i  b y  the e a r l i e r  rmted  t ror lPs,  v h i c h  canse  t t * < ! S e  :laCZO.-iCC:)iC 
-.r.-:ncis. ? h e  s f f e c t s  . ( k ) ,  (5), + r . i  (7) a r e  a r ~ s u i ? .  o f  t?ic: i : - . c . ~ ~ l ~ : !  
:,.e+ iicc?:i ch.-\mic.i i  k i n e t i c s ,  h e t t  and  ? A S S  t r e n s p o r t .  
C i : i i ?  f l o w  procc:;se.s. Tr! t h e  DrU3:. an4 297 works, t 
ci?.imizc.i :  i n  t h e  d c s i 7 n  of  t.be p y r o l y s i s  experinlent 
: i r i ng  out. p a r t i c u l a r l y  t h e  p u r e l y  c i e n i c a l - k i n e t i c  i - ? s u l t S ,  
(11, (21, ( 3 ) ,  and ( 5 ) .  

Car  first attr:! i iI>ts have  been  f i i r e c t e d  t .ovard  s i m u i a t i n q  mor;:. of 
t k . . ?  ii!mve r:otc?d t r e n d s  or c h a r n c + . e r i s t i c s .  T h c  r e a c t i o n : ;  x i i l  be 
0 D r l u l ~ i t e d  ' i n  terms o f  q c n e r a l i z n d  coii:pounds, x i c i l a r  t o  v7.n 
i c ( ? v c l c ; i l s  s c h t i ! n . ? ,  w h i c h  d i d  c o t  a t t e m p t  t o  s p e c i f y  t h e  c h e m i c a l  
c o n n t i t u c n t . ~  o f  oacii  t .yFe of F r o d u c t .  

Pascd  J;I  ti ir?n% f i n d i n q s  anti v a r i o u s  v Q ? i q h t  l o s s  curvi;:: r<::io:tc::i 
i n  titi;. li: . ,!rat.ure, a qene rc l l  kin(1t ic :  ..:ch(:n? for c o a l  pyro1y: ; i : j  c a n  i i r?  
~~os t .u l .a t . c r !  < T a r ~ l e  IJ ) . Fven t . h i s  schomc, more  c i a h n r a t s  t h d n  t h a t .  of 
van K r e v e l e n ,  c a n  o n l y  h e  a v e r y  s i i o p l i f i e i ?  o i c t i i r e  of  !-he rehl  
? r o c o s s ,  d u e  t.0 t h e  l i m i t e d  n u z b e r  of r e a c t i o n s  and  of c lass '?s  of 
p r0duc t . s  and  :eact.a.nts. 

= /  - L I L  scbeina c a n  50  d i v i d e t l  into f i v e  main p a r t s :  
5 . )  & c t . i v a t i o n  s t i? .~ . (  r e a c t i o n  ) : The c c a i  m o l c c u l e  is 

d c t i v a t e d ,  bond s c i s s i o n s  w i l l  o c c u r ,  and r a d i c a l s  and- s z a l l n r  
t;2.;xc!iits of t h . ?  o r i q i r a l  c o a l  s t ruc tu re  a r e  ?reduced. 

2 . )  P r i m a r y  d e c o m p o s i t i o n  ( r e a c t i o n s  2 - 5 ) : . t h e  acti-vitc.? 
c:>.i1 unc!argocs f u r t h p r  r e a c t i o n s  ( a r l 4 i t i o n ; l l  bond krea:.:i:;:, r a d i  c&l  
r a c o m b i n a t i o a  r m c t i o n s ,  . e t c .  ) t o  f o r n  t h e  n r i rna ry  v o l a t i l e  mar.::c!r 
( p r i o a r y  t a r  and  p r imorv  gas ) .  

3. )  D o a c r i v < ? t i o n  z t r?~ ,  ( r e a c t i o a  6 ) : !t lo!$ t::q?qrat::rr-:>, ::t,::.zc 
?.!.e p r i o a r - y  c!,icor-m:;i'rion r e a c t . i o n s  ilrc s?.iil v c r y  k;lnv, r1,i:t 0: +.:la 

n l  :nay d e a c t i v a t . c  a q a i n .  T h i s  d s a c t i v a . t . i o n  : r i l l  p:oba;:1;~ 
y t h o  reverse r e a c t i o n  t o  *.he a c t i v a t i o n  s t e p ,  sir.co i t  is 
L y  t : l i . + . ,  o n c e  t h e  coT:) lcx  c o a l  s t r i i c t i i z e  is hrc :kan  u ? ,  t.:x 
11 r n c o r h i n e  t o  oxac+ . lv  t h ?  s a m  st!: i icture.  Pra!:ah;p +.?.e 

. !z~. ic t ivetr!!  c o a l  w i l l .  have  d more s t a b l e  s t r u c t u r e  t k n n  t:;a o r i c j i r . a l  
co;?l. 

4.)  R e a c t i o n  7 an?  r e a c t i o n  A : t h n  l i q u i d  n r i n a r y  t a r  ?.as t::o 
r n u t a s  t.0 go. I f  s u f f i c i e n t  h e a t  is  s l i p p l i e d  it c a n  v a p o r i - c  ( ic.si3.e 

vc l : i o r i za t ion  rd t r : ,  i s  v e r y  s l o v ,  * h e n  t.he l i c n i d  p r i r a r y  t a r  ( ! 

i.; n o t  a v e r y  z t a 5 l o  m o l e c u l e  ) c a ~  follov t h e  c 0 m p e t . i r . q  r e a c t i o n  7 
a:.:? y L y ~ ' : c r i r c  i p s i c ? e  t.tc p a r t i c l e .  "his  p o l y m e r i T z t i o n  v i l :  ? = o ~ a b ; y  
y i c l r !   SOT..^ s f c o n d a r y  ? a s  a s  wol? a s  auqixont t h e  c h a r .  

c , . )  G n s  pk1;lr.r: d a q r a d a t - i o n  ( r c i l c t i o n  9 and  1'1 ) : t:,t port.;c:? of 
t:~'> t a r  that .  has  v a p o r i z e d  a rd  d i f f ! i s ed  o u t  t h r o u g h  t.kL? c o a l  pori::;, 
c i n  u n d e r g o  s e c o p d a r y  dPcompos i ton  r e a c t i o n  i n  t h e  h o t  r e a c t o r ,  u n t i l  

- :  ... ;! nirrticli. o r  d t  the s u r f a c e  ) .  i f ,  h o v e v e r ,  t h e  hea t .  f l i ~ ~ ,  F.s. ttr! 

I ! 
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T h i s  q c ! n e r a l  scherr.e , h o x v e r ,  h a d  t o  be s i r n p i l f i e d  ir, ozrler to 
a s s i g r .  k i n e t i c  v a l u e s  t c  t h e  d i f f e r e n t  r e a c t i D n s ,  h e c a u s e  of  t t .2 
l i m i t . e d  e x p e r i m e n t a l  aata .  T h e r e f o r e  t h e  f o l l o w i n g  E i r ? I i f i c a t i o c s  
w f r e  i n t r o d u c e d :  

v e r y  ~ 2 ~ 1 1  p r i r t i c l e s  ( i . e .  p h y s i c a l  p r o c e s s e s  l i k e  h a s t  an.,: mass 
l i f t u s i o n  are n o t  r a t . e  c c n t . r o l l i n q ,  b e c a u s e  t h e  c h a r a c t e r i s t i c  
d i f f u s i o n  tiT:z, i s  s r r a l l ) .  
L ' n i f o ~ n  t e n p e r a t u r e  t h r o u g h o u t  t he  p a r t i c l e  . ~ n s t a n t a n e o u s  v a p o r i z a t i o n  ( i . e .  no d e c o m p o s i t i o n  i r ;  t!le l i q u i d  

y i rne  f o r  d e a c t i v a t i o n  nec j l i q i c . l a .  
-,base ) . 
T h i s  m a n s  t h a t  t h c  heat t r a n s f e r  3zd nass 6 i f f i : s i c n  proc?sscs 

a r e  s e t  a s i d e  i n  t h o  f i t t i n q  of our rrodel t o  t h e  av?Llr . ' . l .2  9at.a.  "ese 
s i c p l i f i c a t . i o n s  t i i l l ,  of c o u z s c ,  l i i i t  tie . : p ? l i c a i i l i t y  o f  t h e  
r e - ? u c e ?  k ino  t ic schema t o  c a s e s  i n v o l v i n g  m a l l  p a r t i c l e s .  

:hc last ;i:;si:mntion had to he na<e  f o r  t h e  fo2iorvii-.q reas3cs: The 
? a a c t i v a +  i o n  occurs c a i r l y  i n  lov temerdture  ? r ? c a s s c s .  Ir, t n e s e  
p r 3 c c ? s s p s ,  t h o  d e q r a d a t i o n  of t h e  l i q l l i d  t a r s  v i : i  ~ l n o  !ir 
. i p n r r ? c i a t r ~ c ,  Lecause t11e v a p o r i z e t i o n  ra t .?  v i 1 1  >+ S Z O Y .  ' 30th 
zc!act io?.s  o c c x  i n s i a c  t h e  p a r t i c l e  ?cd  .'.=!crease % h a  y i - ? l d  of  v a i a t i l e  
! n * t t e r .  T h e r e  a r e  no  expcrizcntz:  data  a v a i l a h 1 3  t h a t  :!oulC i n d i c a t e  
:lo.(: inuch  of t h e  r l c c r e a s e  i n  v o l a t i l e  :nattcr y i e l d  is  d u s  t o  a z y  of 
t h e s e  tiro r e a c t i o n s .  T h e r e f o r e ,  i f  ve n e g l e c t  ti..-? 1iC:uif ti,= 
r . o l : J m z r i z a t i o n  u e  w i l l  a l s o  have  t o  be c o n s i s t e n t  and c c g i e c t  the 
d s ? c t i v s t i o n .  

?he  G.:iov? a s s u m p t i o n s  lead to t h e  s i i n p l i f i e c ?  scheme  shown i n  

- 5 )  a c t i v a t i o r :  s t e p  
L )  n r i m a r y  d e c o r p o s i t i o n  t o  g a s e c u s  p r i m a r y  t a r  and  p r i m a r y  qas 

:) s e c o n d a r y .  d e g r a d a t i o n  of t h e  p r i m a r y  tar  i n  t h e  gqs ?!:ace 

Tr. t h i ?  r e m a i n n e r  o f  t h e  t e x t  the t e r m  p r i m a r y  d s c o m p o s i t i o n  

Ta!>le 7 x 7 .  T h i s  scheme consists of  t h r e e  p a r t s :  

( r e a c t i o n s  2 - 5 ) .  

( r e a c t i 3 r . s  6 - 7). 
q s n n r a l l y  w i l l  i n c l u d e  t h e  a c t i v a t i o n  s t e p .  
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& a c t i o n  1 : -------- 
I t  t h t  L e q i n c i r q  of  o u r  w o r k ,  s e v e r a l  rliffer,?.lnt. r e a c t i o n  s c h c n e s  

h a d  b e e n  formula t r?d  t h a t .  c o n s i s t e d  of  s e v e r a l  d a c o n p o s i t i c n  r a a c t i c n s  
( s i p ' i i a r  to r e a c t i o n s  Z - 5 ) ,  h u t  v i t h o u t  t h e  a c t i v a t i o n  s t e p .  T3.e 
k i n e t i c  ndmhers had  b e e n  s e l e c t c c '  t 3  f i t  % h e  SCrITB resur ts  [ i !  1. 
iiave'fer, i t .  c a s  founr? that .  t h e s e  scher res  c 0 u l . l  n o t  h e  appl ie : !  t o  slow 
c d c b o n i z a t i o n  processes v i t h  h e a t i n g  r a t e s  o f  In" C/sec a n d  slower, 
b x a u s e  i n  t h e  t h e o r e t . i c a 1  p r s d i c c i o n s  o f  t h e s e  slaw p r o c e s s e s  the 
c o a l  would t h e n  d e c o c F o s e  bet.ween ?ell C an3 22C C .  ?khzc is, t:-.c 
r e a c t i o r .  r a t e s  o F t h e  low a c t i v a t . i o n  e n a r q y  d e c o m p o s i t i o n  reac t ior - . s ,  
a d j i i s t b E  t o  t h e  f a s t  p r o c e s s e s ,  t u r n  o u t  t o  b e  much t o o  f a s t  at t h a s e  
lou t e n p e r a t u r e s .  

? h e r e f o r e  t h e  a c t i v a t i o n  s t e p  : ! i t h  a h i q h  a c t i v a ' i o r :  . ? n e r q ~  wrls 
u t r o c i u c e d .  T h i s  r e a c t i o n ,  i n t e r p r e t e d  as h n d - h r c a k i n c ; ,  ? z o v i l e s  an  
I n e r q y  b a r r i e r  €or p r o c e s s e s  a t  low a n d  mcdiua t e n p e r a t u r e s ,  ::c~le zt 
i s  no l o n g e r  r a t e  c o n t r o l l i n g  a t  h i g h  t o n p c r a t u r s s .  

----____ 5.eiict.ion 2 5 ~ 2  1 : 
i f t . e r  t!le r a v  c o a l  is c o n v e r t e d  t o  It r ia t iva t .ed  corll 11 , it. ,;in 

ii:id<:r,:o two d i f f e r e n t .  r a a c t . i a n s ,  dcnenr l inq  on tb:: tompr:ratur (? .  :>ne is 
1 ~ c  a c t i v a t i o n  c n n r q y  r c a c t i o n  Corminq t a r  ( r e a c t i o r .  2 ) ,  ncd ?.>-e 

ot!:,?r 1s i i  h i g h e r  a c t i v a t i o n  n c a r g y  r : m c t i o n  f o r m i n g  ?rLi . ! i i ry  ?as. 
l h e s n  rwo r e e c t i o c s  a l s o  prod!ice i n + e r n e d i a t . e  s o l i d s ,  5 ,  2 r . l  sZ , 
r a s a c c t i v e l y .  T h e y  h a 3  t o  h e  i n t r o d u c f d  h e c a u s e  i t  was f o u n d  b y  :~c.zy 
i n v n s r , i q a t o r s  tb .a t  t h e  r a t i o  o f  ~ ~ s / t a r  y i e l d s  il!cri-?a:;;s r i t h  
i n c r p z x i n r ;  tenperat .urc.  T h e  t a r  f o r s i n q  r n a c t i o n  mst h a v e  t h e  l o u - ? s t  
a c t i v a t i o n  er iorqg of a l l  r e a c t i o n s ,  s i n c e  t t i roughout  t h e  l i t e r a t u r e  
t h q  t s x  is r e p o r t e d  t o  t e  d r i v e r !  o f f  f i r s t  i n  a p y r o l y s i s  p r o c n s s .  
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j,e?%G?&SE 5 : 
I a d z i o c t  sne ! !a:rks ley  [ S l  7 f o u n d  % k t  e v c n  a t  cI5C C S C T B  v o 1 a t . i l a  

> a t . t e r  is l e t t .  i n  t t r  c o a l  z f t e i  1?0  iosec Hhich  c?.a '.e e:ri.v;:c o f f  t:;? 
c o a l  Sy a c o m p a r a t i v e l y  l o n g - d r i r a t i o n  p r o x i - a t ?  ~ ~ . ; - . L Y S ~ S .  ?:-.is 
v o l a t i l e  m a t t e r  remninec!  in t h e  c o a l  even wSen ths u e i , T ! : t  l o s s  c u z w  
:x:i?.sured i n  t t ?  h i g h  t r e p e r a t i i r e  e x p e r i s s n t  shove:? a c:'c.ar :evell<cq 
o f f  a f t e r  e b u t  U C  nsec .  Kimher a n d  Gray [ 1 3  j CT. 
b u n d  t t a t  no v o l a t i l e  p a t t e r  is left i n  t.he colts a f t c r  t.':c S G : : . ~ :  t i x e  
p e r i o 3 ,  u:.e:! chr?  d e c o r c o s i t i o n  te l rnorat . l l ra  was 1193 ?. ?:biz F . ? < i c a t e s  
t h a t  t h e r e  is a n o t h e r  h i g h  a c t i v a t i o n  energy r e a c t i o r .  that r ) ro2uces  
qss f ro in  a n  i n t e r m e d i a t e  s o l i d .  T h i s  is rnode l l ed  by r e a c t i c n  5 . 

~. 

in o r e c r  t o  f o r r r u l a t o  t t s  d i f f q r s n t i a l  e q u a t i o n s  t h a t  c'.escrihct 
t h e  d n c o e p o s i t i o n  a s  a € u n c t i o n  o f  time, %ic l a w  t o  . i e f i r . e  ti-..? o r d e r s  
of  the d i f f e r e n t  r e a c t i o n s .  I n  g e r s r a l ,  it v o u l d  have  bean p o s a i 3 l e  t.0 
r ' o r m l a t c  t.he e r r u a t i o n s  w i t h  nnknovn r e a c t i o n  o r d e r s ,  b u t  t h i s  *.:ou;d. 
havc  addad ernorrnous c o m p l e x i t y  to *.he e q u a t i o n s  and t.0 t h o  n n r r . a ~ i c a l  
sc!in?e t o  s 0 1 v z  thzrn. P o r t . u c a t e l y ,  t . h e r e  a c e  i c d i c a t i o n s  i r ,  the 
l i t . e r a t i i r e  t h a t  c a n  be used  t o  s e l ec t  t:?s r e a c t i o n  o r d e r s  i n  a3vancrt .  

5is3r et. al. r 79 1 o b s e r v e d  a c h a n g i n g  r e a c t i o n  oc.'-r f o r  . ... 
c e ? p + ; a t u r c  e x p e r i n p n t s  ( C,?O. C - 5C3. C ) ,  from secor .5  or.iar 2~ :i.p 
x ? i i . n i z q  t o  z ? r o  o r d e r  a t  t h e  end o f  t h e  e x p e r i n e n t .  C:. tkz ot:i.?r 
n x n ? ,  x a n y  i m c s t i g a t  c r s  s i i q g e s t e d  f i r s t  o r d e r  laws. ~.:cizioc:: 2r.C 
Yavks ley < 71 '] o h t a i n e ? ,  a v e r y  good f i t  o f  t h e i r  h i q h  t e n n c z a t u r e  
> x p a r i m n r s  w i t h  a s i n q l e  f i r s t  o r d e r  e T a a t i 3 r . .  ? e t . e r s  anr ;  ;ui?ctc;-.c 
f 3 .21  1, ?itt. [ 5 1, .I.nt.hony r 2 5  1, and Eennkack  [ 33 1 also -ncd 
t i r s t  o r d e r  e x p r e s s i o n s .  T h e y  i n t r o d u c e d  r e a c t i o n  cornnlexes Ii w i t h  a 
d i s t r i b c t e d  a c t i v a t i o n  energy  and f r e q u e n c y  f a c t o r .  
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IIi t h i s  r e a c t i o n  schemc we d i d  nDt u s c  d i s t r i b ~ ~ t r : ; !  a c t i v a t i o n  
+~: !~rq ic , s ,  i n  o r d e r  t o  kecp t h e  m a t h c s n t i c a l  p r o c e d u r e  s i % , p l o .  ! ! O Y ~ V C T ,  
i c  miqht. 5 2  v o c t h v h i l e  to i n c o r p o r a t e  t h e  r e a c t i o n  c o n p l c r e s  l a  t o r  f o r  
two r c a s o n s  : 

1 . ) Good il rf rer'rncn t. he t. wc n c x p (2 r in,,? n t a 1 C 12 r vr! :.: 
h ~ i s  L c ~ n  o; ! ta i r \ cd  by t h i s  method [ 21. 1. 

2 . )  Tli.\! i rrnqi i  l a r  c o a l  s t r i i c t i i z c  silqqcst:j s t r o n q l y  t l i r !  ii:oil:.? of a 
r t t nc t . i on  co inp le r  . 

an3 t h eo  r c! t i c a  1 

S i r l c c :  i n  ou r  t h p o r e t i c n l  model t . h e  p r o c e s s  a t  slow hc!? t . i n r !  ra!*es 
ai1~1/0r low t .einp<:ri i t t~rCs ( < f,?? C ) is controlled h y  the ; t c t i v a t i < J n  

.::t.r?p, t h i s  r e a c t i o n  was c h o s o n  t o  !;e OF' seconJ  o r d e r ,  ka.s(:ri on tL:. 
f i n t l r n q s  o f  Wiser e t . a l .  Thp other r e a c t i o n s  are  assurer! t o  t i?  of 
E i r , i t  or%er,  f o l l o w i n g  t h e  6 a t a  r e p o r t e a  for t h e  f a s t  p r o c e s s e s .  These 
3s: iuinpt ions ithoiit. t h c  o r d e r  o f  t h e  r e a c t i o n s  l e a d  tc t h ?  f o l l o u i n g  
s y s t e m  of' n o n l i n e a r  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n s  f o r  t h e  p r i m a r y  
d e c o m p o s i t i o n :  

dC /dt = - k , 2  

dAC/dt .= k, C z  - ( k, + kJ ) AC 

dPT/dt = x1 k, p.C 

dS,/dt. = ( 1 - x,) k, A t  - k,, S, 

dS,,/dt = ( 1 - x 5 )  k 5  S2 

S i n c e  r c a c t i o n  1 is a s e c o n d  oraer  r e a c t i o n  %he syste.: is 
non? . inea r .  T t c r e f o r e ,  aver f o r  a c o c s t a n t  t e m p e r a t u r e  Froces:;, ::-&f.s 
s y s t e m  c a ? n o t  h e  s o l v e ?  a l g e b r i i c a l l y  i n  c lose?  forn;. '.. stco-..;is,? 
:i:ics? d i i f e r e n c e  s c h e m e  idas se lects3  t 3  s a l v e  t h e  syste i :  n n n r ? ~ i c ~ I l y  
L o r  Y g i v e r .  t e r p e r a t u r e - t i m e  c u r v e .  The S C ~ C P I S  is a n  i n ? l l c i . t  
in! r q r a t i o n  method t h a t  h a s  ???en d e v e l o p e d  s p e c i f i c a l l y  fcr ckcr ica l  
X i n o t i c  p r o b l e m s  ( i.e. s t . i f f  d i f f e r e n t i a l  e q u s t i o n s  ) 1 3(r 1. 7 %  
i i i t e q r a t i o n  method is o f  s e c o n d  0rdc.r .  T h e  error i n  e a c h  t i a e  s t e ?  is 
c a l c u l a t e d  u s i n g  t .he  r e g l e c t e t d  t h i r d  o r d e r  t e r n .  This e r r o r  i s  t!?an 
use!! t o  c o n t r o l  t h e  s t e p  s i z e .  P. d e t a i l e d  d e s c r i p t i o n  of t h e  n u m e r i c a l  
s c h e m e  is Given i n  ( 34 1. 

A s t o  i c h  i o  me t r ic Ccaf f ic i e  n t  s 

S i n c e  a l l  t h e  p r i m a r y  A e c o n p o s i t i o n  r e a c t i o n s  h a v e  a s o l i d  .IS the 
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3 ? , c t i v a t i o n  Zrrerqies a n d  F r e q u e n c y  ?actors 

Ic;;t,rLi;??r: 1 : 
:::is r e a c t i o n  is t h e  a c t i r a t i o n  step, w h i c h  prevents t h e  cas1 

€ C ~ ! P  kccomposing a t  low t e m p e r a t u r e s  i n  a slow b e a t i n ( ;  srocess. :'he 
r e a c t L n r .  i s  of second order, h e n c e  t .he  rate law has t .he  f0 i lowir .q  form 
( a c l i l i t i o n  3 ) :  

;:hen t h e  r a t e  c c r s t a n t s  were d n t c r m i n e d ,  r e a c t i o n  ? '*:m still 
conric:?r i?d t o  he of first o r d e r .  3i;t t h e  p r i n c i p a l  renson inq  f o r  

dr,?er e x p r e s s i o n .  n h e r o f o r s  t b e  d c r i v a  t i o n  of th.2 nuch..::; 11zi2~7 .: 
f:rst orde r  r d t e  law w i l l  !)e ; ~ r e s e n + s r :  h e r e .  ? h e  r ~ l s e z i c i i i  rcstilts 
siioh- t S a t  t k . e  c h a n q e  i r .  r e a c t i o n  o r d a r  d i d  n o t  r e q u i r e  a c h a n c e  of the 
Kinet ic  v a l u e s .  

The r e a s o n  f o r  s t a r t i n g  w i t h  a s y s t e m  of f i r s t  o r d a r  r e a c t i o n s  

L. h, . . - t i r . ing  .. t h e  k i n e t i c  va l i ics  502% n o t  c h a n g e  i f  wc: g o  tc 3 second 
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a d s  t o  si?:uliti{ ? , h e  r a t h e n i t t i c a l  p r o c e d u r e .  '?he s y s t c : ;  n-F or.i!:-.-.: .- r 
d i f f e r e c t  iul e n i i a t i o n s ,  t h a t .  2 c s c r i b c  t h e  ckan7c+r; i n  cr,:;ze:!&.r% t i o n r ;  
f o r  s u c h  a K,?aCti.nn sckcme, is l incar  azil t!iez.?r'ore c a n  i iS s s l 7 r . d  
i r i a l y t . i c a l l y  :or a c o r . s t a n t  t e rps ra t i : ra .  '?!lis thr:? r:zs h d i 7  i :  - 'A , .. 
i n  t e r m  of c o n p u t i n g  t i n e  and a c c u r a c y  of t.ne n u n l e r i c a l  r e s u l t s .  

c - r L, 

\ 

::s mcr::.ioner! e a r l i e r ,  r e a c t . i o r  ? h a s  t o  s a t i s f y  t.vo conCi t io : . s :  
A )  S e r v ~  as an  e n o r q y  b a r r i e r  t o  p reven t .  e a r l y  d e c o n c o s i t i o n  ( a i  
t e m p c r a t u r z s  < 2GC C ) for s l o w  ? K O C ~ S S G .  ( EB? d a t a  [ 2 , 2 ?  1 YJBS 
u s d d  t o  check  t h i s  ) .  
?) Fliqh r e a c t i o n  r a t e : ;  c t  t . eT .?e ra tu re s  a b o v e  65C '3, t o  O ~ ~ O V  ;<st 
p r o c e s s e s  l i k c  t h e  :CY? ?. e ~ p c ~ i ~ e n t s .  

Using  h a s i c  k i n e t i c  p r i n c i p a l s ,  Dezers e t . a l .  [ ? ?  1 r i ; x iveq  s. 
f o r m u l a  f o r  t h e  q a s  release of a t h e r m 1  d 3 9 r a c a t i o 3  r e a c t i o n  ( f o r  
= o n s t a n t  h e a t i n q  r a t e  and a f i r s t  o r d e r  r a t e  lav ) . ""is r e l e t i o n  c a n  

\ be written i r :  t e r m  of the d e c o a p o s i t i o n  r a t e  o f  t h e  uzdecomposed c o a l  
c :  

E - c r A RT' - P Y  7 

, 
ulicre the t e rm C/C, is c q u i v a l a n t .  t o  the tcrin (V, yV)/':, t.i:nt iias 
been usc?d by ?eters t o  c h a r a c t e r i z e  the d e q r e o  of d s c o m F o s i t i o n .  

From t h e  €33" r e s u l t s  we o b t a i n  t h e  f o l l 3 c r i n g  c h a r a c t e r i s t i c  
tempe:a tures  [ 2 3: 

-4 
'IO = 4.2*1!! C / s e c  F, = 36;. c 
9 = 4.3 .1?-3 :? / sec  Tm = 4 3 9 .  c 
m = 1 . 5 . l t - Z ~  /sec Tm'  C3C. c 

whprs Y r n  i s  the  t e r o e r a t u r e  a t  which t h e  maximum 73s rnlcsse :ate is 
ii i-asured ( this n c c u r e s  w h e n  a h o u t  SC 4 or r a r e  c o a l  is a ~ c o x ~ ~ o s a c !  ) ,  
: h i s  implies t h a t  a t  = T,,, a h o u t  30 % t o  SS I of t .ht  c o a l  s h o u l C  be 
:l-.composcd. 

The second  c n n 3 i t i o n  i m p l i e s ,  t h a t  t h a  a c t i v a t i o n  s h o u l d  be 
a s n e n t . i s l l y  c o m p l e t e  a f t e r  the h a a t - u p  n o r i o d  o f  ? C  msec. ? h i s  g i v e s  
3 / : ,  e 8 . 0 5  f o r  m = 35300. - 5f.33.5. C/sec a f t e r  t = 2 9  rsec 

Using e q u a t i o n  u, !!e c a n  now c a l c u l a t e  t h e  valr ic  Ecr c/co f o r  
these d i 2 f c r e r . t  !:eat.ing r a t . e s  u s i n g  several  p a i r s  o f  1.2 sild y d  ani? 
t.!~en w l a c t  t h o s e  v a l u e s  t h a t  promise t h e  best f i t .  T h e  c e s u i t s  itru 
shown i n  Table IV. 

'~hr? . ia lutrs  f o r  C/C, f o r  m = ~ . 3 . 1 ' > - ~  r/sTjc a r e  a l u a v s  co!:r!'.:bGit. 
1'3wer t!m? t ! :cy  s h o u l d  be, o r  t h a t )  thc?  va i l l n s  for  13 = 1!.2.;,;-" Z / : . ; ~ C  o r  
I .  <.l::-'i./sipc. '?his is Lccaiise the ter i lpcrat .ure ,  a?,,,, c ,?r .zot >;e 
d e t e r : : , i n c d  e x a c t l y  cnouqh from t h e  g r a p h s  i n  2 1. A srrsll c o r r c t i o n  
i n  m m  (doCrFds(?)  vould  h r i n g  t h e  r c s u 1 t . s  i n t o  t h s  r i g h t  r a n g e .  
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ps..ctiop 2 2nd 2 : 

. : ' f i e  r e a c t i o n  r a t . n s  o f  t h e  r e a c t i o n s  2 and 3 azs Lasod x l y  OR .:::n 
3 J ? k  r e s u l t s ,  hecause t h e s e  a r e  t h e  o n l y  ciata, for v h i c ! l  s e c o c d a y r  
:iu:qrci.!:i: i o n  is i n s i q n i f i c a n t .  T h e s e  d a t a  a l s o  hi lvp  o n e  ?,:I: 

.li!;a,lva:!t.age, h o ! ; c v ~ r ,  b e c a u s e  only t h e  o v e r a l l  v o l a t i l e  rnatt.er L ' f;'-:'-' ..,.. 
is repcrtec! hnd 110 d i s t i n c t i o n  b e t v e e n  t a r  and gas is aade. 

"0 obtain k i n e t . i c  v a l u e s ,  t h e  i n i t i a l  s l o p e s  of  s e v e r a l  ECii??. 
 curve^^ ( a t  d i r ' f e r e n t  t a n p e r a t u r e s  ) were used. T h e  i n i t i a l  p ~ ~ d ~ ~ c t i o r !  
rato of SC[I'P,P. is : 

ci>i/dt = 3 .  s * e x p (  -E2/?) 

: I s i n g  
iril o k t a i n  f o r  t h e  d i f f e r e n t  t e n p e r a t n r e s :  

the a p p r o p r i a t e  e r p i r i c a l  c o r s t a n t s  f o r  c o a l  D ( g i v e 2  i!: [ 1 1  1) , 

7 ( T )  I 9 7 3  I I 3 2 3  I 1773 I !?2? 1 ? ? 7 3  I ' ? 2 3  

z y / d t  ( sec-q 1 7 2 2  i ? c . g R  I 1 6 . a ?  1 2 3 . 8 3  I 33.41 I I r c . c . 6  

T h i s  i n i t i a l  w e i q b t  l o s s  of EZB?:? vi11 be s e t  e q u z l  to tk.e ::cig%t. 
losa p r a u i c t e d  b y  our r . ? a c t i o n  a c h e a e  at 2': msec. I f  YC? a s s c [ s e ' t h a t  a t  
? A  C S L C  t h e  d ? c o s ? o s i t i o n  j u s t  star ts ,  t h e n  n 3  s 2 l i d s  S ,  E x c i  t:avc 
z3rrp.:!(I y e t  and t h e  reactions 0 a n d  5 d o  n o t  c o n t r i t u t e  t o  t h e  v e i ~ l i t  
L x x .  Ta;2rcforc + h c  i n i t i a l  w e i g h t  loss c a n  be a p ? r o x i c a t e 4  as 

s Z  

i S i ? O k . . ?  : 

/' 
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\' f 

1 wilsre !IC* is t h e  mass f r a c t i o n  o f  a c t i v a t e r !  c o a l  a t  t = 2 0  9 s C C ,  !:>.ich 
i s  d e t e r m i n e d  f r o r  t h e  a c t i v a t i o n  r e a c t i o n  at 2 ?  E S ~ C .  ?h;s? 7 . ~ z l i l %  
c.in lie o t . t a i n e d  11r;ing c q u a t i o n  U t oge the r  w i t h  t h e  d i f f e r e n t  h e a t i n g  
r a t e s  and ' i n a l  t e a p e r a t i j r c s ,  r a s u l t i n q  i n  : 

<' 

1 ( K ) I ? ' ? ? 3  1 1C23 I 1C73 4 ' 2 2 3  

t L c I . e u  I 1.32 1 1 . 0 6  . . . '.G? 

I f  i t  i s  assunc? t .hat  f o r  ? = 9 7 3  K and T = ? . 7 7 3  K all c o a l  
csnverts t5 rouq . i  r e n c t . i o n  2 ,  t h e  a c t i v z t i g n  e n e r r ; y , a n d  t h e  f r a q o e n c y  
f a c t o r  of  r e a c t i o n  2 car .  b e  c a l c u l a t s d  u s i n g  e q u a t i o n  6 .  T h i s  g i v e s  

\ 

d 
./I 

F ,  = 55E1.  sec-2 
z 2  = 1C.763 k c ? l / r s l e  

70 o h t a i n  +.he kii;ctic v a i G e s  f o r  r e a c t i o n  3 ,  t h e  i n i t i a l  w e i g h t  
loss 2t p = 1 7 2 3  Y ani T = ' 2 ? 3  i( is R a t c h e t  w i + h  tF.e a n a l y ? i c  
a x p r e s s i o n .  :.t these  t e c p e r a t u r e s  3ot.h r e a c t i o n s  ( r e r t c t i c n  2 anr'; 3 ) 
c o n t r i b u t e .  T h i s  c a l c i i l a t i o n  t h e r :  l a a d s  t 3  

A, = 3 . & * 1 , S 6  ~ e c  -i 

PJ = ' 3 ? . r 6  k c a l / m l e  

"hasa v a l u e s  h o v i v c r ,  r e s u l %  i n  t33 h i q h  a r e a c t i o n  r z t e  a t  " = 
3 7 3 .  3 .  To r ed i i ca  t h e .  r e a c t i o n  r a t e  a t  T = 973 X, arrd t o  
: i i ~ : ! i t a r ! e o u s l v  xccp t h e  r a t e s  + i g h  at .  '? = ! i s ? " ,  - ?Sa?.)  . -  R, t h e  
a z r i v a t i o n  er.era:i E 3  had t o  be i n c r e a s e d .  S m a l l  chsr.gc?s i n  + h e  
f r e q u e n c y  : a c t o r  a l s o  i r p r o v e d  t h e  f i t .  ? i n a l l y  t h e  h e s t  r e s u l t s  
were o b t a i n e d  f o r  

h 2  = ~ 5 . 1 . e ~  g G c - 2  A 3  = 3.1s' s3c-1 
7 = ur(, X c t l / r o l e  1, - 
-'3 - 2  - 1'7.7 !-.cal/molc 

111 +.!;is vas done  foi a f i r s t  g r d e r  a c t i v a t i o r .  s t c n .  -:.T 
i n t r o d u c t i o n  o f  a s e c o n d  o r d e r  a c t i v a t i o r .  s tep  a i d  chancjp t h e  r i s u l t s  
o n l y  by i I I jOnt .  1 / 2  7, w h i c h  is  ur_. l?  v i t h i r !  t h e  l i m i t s  of t h e  acciiz.cy 
oi + h e  D C t i Z R  d a t a .  

??e  h i g  1incert .a i n t v  i r :  t h e s e  v,ali!os ho::ever is +he a . s r ; u n ~ t . i . o n  
t n a t  dt T = 9 7 3  ? and i P 2 3  K a l l  a c t . i v a t e c !  c o a l  dscoc ;oses .  v i a  thee lo:.: 
t.-!nor,rati!rn r o u t e .  S i n c e  SaAzioch  and  ??aw:r.sley di.', n o t  r c lo r t  ac-: t a r  
D r  qas  y i e l d s ,  t h i s  a s s u r c p t i o n  c a c n o t  he v e r i f i e d  a t  t h e  :co.^;,ent. ct!!or 
:iicle curv!?s i n d i c a + e  t 5 a t  t.ho r.:a~imum t a r  y i e 1 . i  is  raac : ied  ? . ~ ~ ~ ~ : ~ C : : I  

1xo: : ;xr ; i t io r .  cannot .  h e  e x c l u d e d .  !lovcver, it will be sLoun t h a t  by 
choosing a n o t h . ? r  s e t  Of k i n s t i c  v a l u e s  f o r  r e a c t i o n s  :) ar.? 2 ,  + h e  
n v - t r a l I  ?CtiF?: curves a n ?  e i f f e r e n t  t a r / q a s  r a t i o s  c a n  !!e ? r e i l i c t . e ? .  

?:I o r d e r  1.3 ir .crcarse t h e  y a s  y i . > l d  a r i l  decrensc?  t t . e  t?.r -!ic:lE, 
il0t.h c c t i v a t i o n  energies  had t o  he lowered. An a c t i v a t i o n  encrqy, c 2  = 
3 kcal / r : :ole ,  was a r b i t r a r i l y  c h o s e n  and t h e  o t h e r  V J ~ U J S  u s r e  

,: . _ ,  I- - 7 2 0  2 [ 27,35 ]. R i i t  i n  t t e s e  r + a p e r i r ! ? ~ . t s  sc?rc.z:!ery 



:.:*.pr:: ir.c d . >ga in  bv r a r c t . i n q  tiic i p t i a l  slopr:.;. !!o i e a i  n ? T i ? i z n + i o n  
i c d r r j r e i !  o u t ,  ) . l i t  t h e  ,it v i t h  ti:c ?CTJ?; c u r v e s  W R S  r*?aSoi'i:;ly c;ood 

f a r  
:12 = 5 ,  !.:cal/nole 7 -  -3 - 3,:. :cca?- /aole  

.. . . - i qu rc  3 r,'r.ox.s the  t a r  and 9 . t ~  y i e l d s  as a f!:::ctior. of 
ts:nperilt.urc i o r  a ? e v o l a t . i l i z a t i o n  precess of 1 5 7  R S R C  a u r a t . i o n ,  It is 
now clear from this f i q u r e ,  t h a t  t h e  p r i m a r y  d e c o m p o s i t i o n  schene c a n  
J d s i l y  be a d j u s t e d  ( i f  n e c e s s a r y  ) t S  new e : c ? e r i m e n t a i  d a t a  w h i c h  
r(:port.s t h e  p r i r t a r y  t a r  aria t.he p r i n a r y  3as y i s l d s  s e p a r a t e l y .  

pfi~w~~l 2 : 

i ; o 6 ~ l i n g  t h e  s l o v  k e a t i n q  p r o c a s s  of ?E" means t h a t  a l l  z c t i v a t e ' !  
c o ~ l  dncornposcs v i a  r + a c t i o n s  2 and 4 . T h e r e f o r e ,  t h e  orii;r qas 
t - < , t - ! ? i i ! q  r v i t i o n  i r :  r r a c t i o n  1: a n d  t t : v  ~ ~ ! i ~ i l t . ~  o f  n;?ti'rn i i n d  .Ii:rs:tqcn 
C . ) r  t i , & .  CJ'I::  pr:nt':iici. inn !invc! t o  t t e  rr;it, d iiy nc; ic t . ion 1: . : 5 mn:ltionctl 
, ' .irLi.r?~, it. u i l l  p r o b a b l y  not. be noss e t o  f i t  t h o  $!hole s h a p e  of 
t.!is Gas r e l e a s e  c c r v e ,  5 a t .  t h e  c h a n g e s  o f  t h e  t e m p e r a t c r e  T m  w i t h  
c h a n q i n q  h e a t i n g  rates c a n  be s i m u l a t e d .  F i g u r e  C s h c u s  t h e  results 
f o r  

F.y = 1.7.10'3 scc-z 
F y  = 5 5 .  kca l / rno lz  

&;id t h e  c o n p a r i s o n  with t h e  P E ?  c u r v e s .  ?igure 5 shows th.a i n f l u e n c e  
o f  t h e  k i n e t i c  v a l u e s  f o r  r e a t i o n  IJ o n  t h e  r e l a t i o n  k o t v c e n  t h c  
t a ! y x a t c r e  Tm a n a  t h e  h e a t i n g  rate r. T h e  c o r r e s p o n d i n g  p a i r s  of :.+ 
In:! I?+ h a v e  t e e n  s e l e c t e d  t o  o h t a i n  a good f i t  w i t h  the DCUI?.; c u r v e s .  

' ? c i l c t i o  5 : 

?he  k i n e t i c  v a l u s s  f o r  t h i s  r a a c t i o n  h a v e  hicz c;lr3:ser ra ther  
a r h i t . r a r i l y .  Due t.0 t h e  s c a c i t y  of e x p e r i n e n t a l  ?a t . a  f o r  hi.;:! 
t m p z r a t u r e  ( > 130: I( ) ,  s h o r t  d u r a t i o n  processes ( Kinber  and ; ray  
o n l y  report.ed a b o u t  te!? e x p e r i m e n t a l  p o i r x s  a t  (1 iEfe r s r . t  tsr .?czatcrcs 
I ,  no a e t a i l e d  a n a l y s i s  o f  t h e  i n f l u c n c o  of t h i s  r e a c t i o n  h a s  bee?. 
:nad e. 

i h e  a c t i v n t . i o n  e n e r g y  o f  55 kcal/molr? vas  c h o s e n  a i i i t c a r i l y  a d  
t!.? f r q u e n c y  f a c t o r  detersir .ed,  so t h a t  a t  t h a  e ~ p e r i a ~ n t a i  
c o n 5 i t i o r i s  of  P a d z i o c h  and Havks lcy  no a p p r e c i a b l e  2egradat . icn of 
S z  t o  S y  t o o k  place. T h i s  vas n e c e s s a r y  t o  e x p l a i n  t h e  casiecal 
v o l a t i l e  m a t t e r  found i n  t h e i r  e w p e r i a e n t s .  

'.*he tollow i n g  numbers  for t h e  s t o i c h i o m e t r i c  c c c f f i c i o n t s ,  the  
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A Compar ison  W i t h  IICUEA 5esul t .s  

' i u u r c  6 q i v e  a c o n p a r i s o n  h a t s e e n  t h e  t h e o r e t i c a l  3.ZU3.; v o l a t i l e  
iadtter y i e l d  c u r v e s  a n d  t h o  D r e d i c t e d  c u r v e s  o b t a i n e d  froc. t h e  p r i m a r y  
decompos i t . i on  scheme f o r  s i x  e i f f e r e n t  t e m p e r a t u r e s .  

3v f i t t i n g  t h e i r  r e s u l t s  w i t h  o n e  s i n q l a  r a t e  s x n r e s s i o n ,  
2a:lzioch a:A : ; i t s k s l c y  [ 11 ] assumed t h a t  no a p p r . ? c i a t l c  r i ccompos i t io r .  
ha4 t a k e n  ? lac?  f i n r i n g  t t e  heat -up  p e r i o d .  They f 3 u n d  t h e  h . ? a t - , i r i  t . iw 
t o  k,e a b o u t  2 r  P S X .  Only a f t e r  t h i s  2.3 ciscc, + h e  d e c o : d ? o s i t i o n  
proct.e,cis a t  a c o n s t a n t  t e n p e r a t i i r e ,  which t h e y  u s e  ir. t h e i r  r a t e  
a x n r e s s i o n .  The s t a r t i n g  p o i n t  f o r  t h e  d e c o m n o s i t i o n  was d e t c r o i n e d  by  
d x t r a p o l a t i n g  t h e  c u r v e  t h r o i i g h  t h c  a c t u a l l y  rnr?asured F c i n t s  t o  t h e  
l i n e  where t h e  w?iq!:t l o s s  was z e r o .  -he d a t a  p o i n t s  were t a k e n  o n l y  
,at . t = 30 a s e c  a n d  l a t e r .  ? h i s  e x p r a g o l a t i o n ,  h o v e v e r ,  n i g h t  n o t  
r e p r e s e n t .  t h e  t r i i~i  d c v o l a t i l i z a t i o n  c u r v e  a t  t hes .3  ea r ly  tiwes. 

'Lit t :.be p r o p o s d  nechanism t h P  h-?at-up p r i o d  m u s t  be i n c l u d e 6  
XCBUSF!  of ti:+ a c t i v a t i o n  s t e p  ( r e a c t i o n  1 ) i ihict .  AS fast. a t  
t e n p e r a t u r c s  a b o v e  6C:; C. T h o r e f o r e  the r e s u l t s  o h t a i n e c  3 y  our s c h a a e  
a l r e a d y  show so:ce d c c o r n F o s i t i o n  i n  t h e  f i r s t  2 3  msec, d e p e c d i n q  on t h e  
t e n p e r a t u r e .  T h i s  p r o 3 a t l y  i s  a be t te r  r e p r e s e n t a t i o n  of !.he t r u e  
d e v o l a t i l i z a t i o n  c u r v e s  t h a n  t h e  SC:lIrF, c u r v e s .  

The c u r v e s  show a v e r y  qood a g r e c n o n t  for t > 3C msec a n d  t h e  
d i f f e r e n c e s  Set.ween t h e  present p r e ? i c t i o n s  a n d  t h e  B Z l J P k  c u r v e s  are 
not n : o ~  t h a n  1 . 5  X. T h i s  is c e r t a i n l y  less t h a n  +.he e r ro r  'Jotreor. t h e  
t?i!i3ii.ic,11 Url l i 'A  c n r v c s  a n d  t S e  a c t r i a l  d a t a  p n i n t s ,  a s  o h t a i n w d  i n  t . h c  
e x ; ~ c r i i : ~ ~ ! n t .  

" i q u r e s  7 ana Q g i v e  a n  i n d i c a t i o n  o f  t h e  c o n c e c t r a t . i o :  
v . i r i i t i D n s  v e r s u s  t i n e  f o r  t h e  different co!ny.ounds a n d  t v o  E i f f c r e n t  
- .  , .L:-nr.?ratures.  ?he r a p i d  d e c r e a s s  o f  t h e  C mss f r a c t . i c n  a n d  t h e  
~ : o r c e s p o n d i n g  i rcrcase i n  Xc: s h o u l d  be n o t e d .  "his shot i s  t h a t  u ~ . d e r  
t h e s e  r a p i d  k e a t i n c ,  h i g h  t e m p e r a t u r e  c o n d i t i o n s  t h e  a c t i v a t , i o n  s t e p  
i s  n o t  r a t e  c o n t r o l l i n g ,  b u t  qocs t o  c 3 m p l e t i o n  d u r i n c ;  t h o  h c z t - u p  
0.2 r i o  d . 

p 



Sone Conments ?.bout T h e  ? a c t i o n  r o n s t a n t s  

? i y u r a  9 shows t h e  r e a c t i o n  c 0 n s t a n t . s  f o r  t h e  f i v e  r e a c t i o n s  
V ~ T S I I S  l/T ( i r r k e n i u s  p l o t  ). T h e  f o l l n v i n g  c h a r a c t e r i s t i c s  c a n  bo 
33s 9rv ea.  

F t a c t i o n  is  r a t e  c o n t . r o l l i n g  u p  t o  a b o u t  9 ? 3  i;. U? t o  this 

'CGT azc! t h r ?  i c t o r i n d i a t e  s o l i d  C: , s i n c e ,  (a)  r e a c t i o r !  2 is a t i c h  
f i A S t ? r  i::ian r e a c t i o n  7 a n 2  (b) r e a c t i o n  3. ( u h i c t  is t.?,o s?coc(? 
,nasi l , : i ty  for  the 2 c c o n p o s i t i o n  o f  a c t i v a t e 3  c 3 a l  ) is even slo:rer 
:::at? z a c r i o z  3 . l b o v ?  ?5C R ,  a c t i v a t . c d  coal is accun:ulT:ted, since 
T.AB succ~eding c c r c t i c n s  are s l o u e r  t h a n  the a c t i y a t i c n  step. 
. ' : o n n ~ r i s ~ r .  o f  t h o  t w o  p a r a l l e l  r e a c t i o n s  2 and 3 ,  -..i,at t'o1:o.j tte 
a c t i v a t i o r .  ste? stnws t h a t  t 5 e  t a i  5o r : : a t ion  is f a v o r e ?  u ?  t o  
t m o a r a t u r e s  of  ??C? K, a t  which t e m p e r a t u r e  +.ha r e a c t i o n  r a t e s  %re 

a t e l y  aqrja:. Up t o  a r o u n d  K r e a c t i o n  11 is s1o::or tba:: t ; T e  

n q  react ion 2,  t h e r e f o r e  ar: a c c u n u l 3 t i o n  o f  s o l i d  sL o c c u r s .  
- . I X . S  '::ill r e s u l t .  i n  t h e  g a s  i e l ? a s e  o c c u r r i n g  a f t . ? r  t h e  t a r  r e l e a s e ,  
uc '_ch  is observed i n  a l l  d e v o l a t i l i z a t i 3 n  e x p e r i m s n t . s .  ;'he rates of 
r e a c t i o n  3 and 5 a r e  e q u a l  a t  a t o o t  iG.30 R . 

* ..,.nns -, , z ~ t u r c ,  all c l c t i v o t e d  c o a l  i s  i i m e r l i a t . e i y  c o c v c r t e r l  t o  a r i n a r y  

7 :  . 

mochan i sn  and r a t e  o f  c o a l  p y r 3 l y s i s  depend,  of course, on 
t::e z o l f c u l a r  s t r u c t ~ r e  o f  coal .  C o a l  is a p o l y m e r i c  co:!,?oc::.i ( ~r 
; , ? r : i i p s  2 r ix tu rc  of  s u c h  compour.ds ) c o n t a i n i n g  p o l y n u c l e s r  a r o n a t i c ,  
dl . iph3~.ic,  sn:! some h e t e r o c y c l i c  qroups. ;ihile : be re  is some 
::.;3c;ieg:[; eat BLOU:. t k ~ .  n r e c i s e  X + . C I ? C ~ U T ~  ( f3r e x a n p l c  t t .e  r:::r~bez a n d  
Lenrirh o t  tke a l i p t a t i c  chains t h a t  sometimes l i c k  a r o x a t i c  and 
i c v c l i c  syatnns [ ?3,e:,0q 7) some general f e a t u r e s  can : I C ?  aqrcei 
cpnn. Z r ;  p a r t i c h a r  i t  saems t h a t  coal c o n t a i n s  a p o l y m o z i c  :~al:cr~le 
(o r  r r .oleculcs)  hnv inq  t - C ,  ? - ! I ,  C-5, C-N, C-O,Cr!, anr? !:r? bends ( in 

v ~ r . r i : : r j  (?;.,jcc:c. o f  s a t u r a t i o n ) ,  h u t  t h a t  t h e r e  are no u n s t a i i l e  t h r e e  o r  
iirer r i n g  s t r u c t u r e s .  

I' I 

t' I 

1 
I i 
1 
a 
T 
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T t  is s u c h  r o r e  d i f f i c u l t  t o  ohtnin ar.6 i r . t e rpre t  e 
l a t a  ai;ou: t h c  secorrlory d s c o r c h a s i t i o n  t.ha:: i t  is f o r  + 
d s c o n p o s i t i o n ,  t;;cause t h e  e f f ? c t s  o f  t h e  secon4ar:r  degr 
. i l u a y s  c o u p l e d  a n d / o r  c o v o r e d  b y  t h e  ?f f ec t . 5  of t b :?  p r i n i i l r  
. 3 c c o s p o s i t i o n .  P u t  t.here is s o r e ,  a o s t ' l y  q u a l i t s t  i v e ,  i P f o r z a t i o n  
i v a i l a ~ l e  t h a t  c a n  used  t o  s u p p o r t  a s e c o n d a r y  dsccniFo .y i t ion  rr,o3el 
c o ? s ' i s t i n g  of  t v o  g a s  p h a s e  r e a c t i o n s .  

Fcters [ 2 2  ] i n v e s t i g s t e d  t.!ie d i f f e r e n c e s  he tvcc r :  t h o  + a r s  :=on 
4 low t e x p e r a t u r r  c a r h o n i z a t i o n  a n ?  f r n n  a h igh  te:lpcreturc,  f x t  
L J y r o l y s i s .  I!* c r a c k e d  t h e  h i g h  + . n n p e r a t u r s  t i r s  a c e  fcur.3. t h t  
cr3c;:ir.g p r o d u c t s  .were s u h s t a n t i a 1 l : r  d i f f e r e n t  trcn: t h c  ice 

?L")c?ss, t h e  v o l a t i l e  r a t t e r  t h a t  is c i i i v e n  o f f  h e r e  is t o  a l rLrqe 
 tent t r e  2coduct.  of a socon!?ary i e q r a d a t i o n .  ?he f i i f f e r e r : c e  i n  +.;;e 
nro:li:ct.s trom 3 s l a v  p r o c e s s  a n 5  t h e  c r a c k i x q  ?rct?lict.s 0,: h iqh 
t a n p p r a t u r e  t.ar t h e n  i n d i c a t e s  *.hat t h e r e  must be tro d i f f e r e n t .  
: , : ?z ;da t ion  r e a c t . i o n s .  T h e r e f o r e ,  t h e  tgo reactions 6 ar.6 7 of ?$e 
. z i : : p l i f i c d  scbonic have  been f o r 5 u l a t e d :  

c ,... . )  - : ? ? r a t u r e  r a r s .  S i c c e  a lo*< t e m p e r a t u r e  c a r b o n i z a t i s n  is d if?:? SIC:: 
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", .,:t s y s t c m  of p a r t i a l  d i f f c r c n t i a l  e q u a t i o n s  v i 1 1  he s o l v e 4  
nu : r .n r i ca l ly  usinq a l i n e a r  f i n i t e  e1e :nent  rnst.hod u i t h  2 7c2ar?.li:?c?d 
i x n l i c i t .  t ime m r c h i n q  Drocedure .  ? h e  no n - l i n e a r  in!iomogec.?ous t c r r s  
vi11 cc  q n a s i l i c c a r i z s d  u s i n g  t t P  f i r s t  term cf a , T a y i o t - s e r i e s  
e x  pa ~ 5 i o  n . 

X i n e t i c  v a l u e s  f o r  the t.wo e e q r a d n t i 3 a  r e a c t i o n s  vi11 t h e n  5s 
selec*eri i n  order t o  o b t a i n  goo6 a g r e e m e n t  be tween  t h e  t 5 e o r e t i c a l  
yields f 3 r  C i f f c r e n t .  bed h e i g h t s  and  .an? t h e  exper imenta l  d a t a .  

:. k i n e t i c  rno4e1 fo r  c o a l  p y r o l y s i s  h a s  been  r'evelcprr? t h a t  c ~ r :  L:> 
use? fcr chc? theoretical o p t i m i z a t i o n  of m a l  c o n v e r s i o a  ? r o c c s s e s .  7.? 
cop.t;?.s': t o  ivany p r e v i o u s l y  proposed schemes ,  t h i s  ; ? C r ' e i  k a s  S:3cn 
f o r : w l a c e d  i n  terms of g e n e r a l  c o r p o u n d s  l i k e  tars, qases, an:i s o l i d s ,  
i. i .  t h s  volatile r a t t e r  h a s  See:, 9 i v i d e d  i n t o  1i:uid a n 6  gas-ous 
?roCc::ts. i ' u r the rmore ,  a h i g h  a c t i v a t i o n  e n z r g y  s t e ?  has  L?cn 
i:i?:-o?-t!zk?ri t o  c o n v e r t  t h e  raw c o a l  t.o a c t i v a t e d  c o a i .  ! ! i t h  +?!is 
a c t . i v ? t . i o c  stc?:: it is p m s s i h l e  t o  a p l y  the s c h e s e  o v e r  a v i d s  ra:(;e 
O E  +.CQ;lerat\ireS arid h e a t i n q  rates, u n l i k e  o t h e r  schanes ti.z?t h a v e  l~ear.  
l i r i t c f i  t o  naiEO'd r a n q e s .  

"$2 7 r o p o s r d  k i n e t i c  model  c o n s i s t s  a n  a c t i v a t i o n  s t e p ,  foiir 
; ] r i z a r y  d e c c J n p s i t i o n  r e a c t i o n s  i n  t h e  s o l i d  p h a s e ,  and  f r o  
:?;rn::at.ion reactions i n  t h e  qas ??lase. Soor! a g r e e m e n t  5?t::a:r. 
?:?v;Dnsly p u b l i s h e r l  e x p e r i m e n t a l  resu1.t.r a n d  t h e  t h e o r a t i c r l  
> z + . ( l i c t i o n s  f o r  p r i m a r y  d s c o c p o s i t . i o n  h a s  S e e n  o b t a i n e d  over a x . i C ~ -  
c:in;;e ot.' h a a t i n q  r a t e s  7O"'to * ; > * ~ c / s c ? c  ) and ,  a s s o c i a t e d  w i t h  i t ,  
)v :? ii wi.3e rililgc? o f  t e n p e r a t u r e s  ( Ui .7 .C  t o  9 5 0  s ) . 
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Frequency fac tor  , sec 

tcass f rec t ion  of activated coal, gAC/gStart .Mzterial 

Empirical constants  used by Balzioch 

Residual v o l a t i l e  matter i n  -ihe char 

!.lass f rac t ion  of coal ,  gc/qs  .,v;aterial 

I n i t i a l  Tp.ass f r ac t ion  of coal ,  gC/gStart.Material 
(normally = 1) 

Activation energy, kcal/mole 

Rate a t  which compound i i s  produced o r  consumed, 
gi/sec 

Heating rate,  K / s e c  

Molecular weight of gaseous species  i, g/mole 

Rate constant  of reac t ion  j ,  sec-l 
2 ,Pressure, g/cm 

Mass f r ac t ion  of primary gas ,  gpG/gStart.Material 

Production rate of gaseous species  i due t o  primary 
ciecomposition, gi/cmieactor-sec 

Mass f r ac t ion  of primary tar,  gpT/gStart.Material 

Gas constant ,  kcal/moleX 

Reaction r a t e  of species  i i n  the  gas  phase, gi/cmGasPhasesec 3 

Mass f r ac t ion  of solic! intermediate i o r  s o l i d  res idue  
gS/gStart .Material  

T i m e ,  sec 

Temperature, K 

Temperature of maximum gas re lease  r a t e ,  K 

F l o w  veloc i ty  i n  the gas phase, cm/sec 

Gas volume released by a thermal degradation 
(varying with t ime) ,  crn3/gMat 

react ion 
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vg = >.:c:::ir.lui, poss ib ie  9 z s  volGme f r o n  a t>erF.al d c g r z k t i o n  

VM = M B S S  r^ r , ac t ion  of v o l a t i l e  F l a t t e r ,  g Vi.I/gStart.Kateriai 

r c i l c t i o i i ,  ca:/q., :.,a 'i 

V>I0 = ".-0..ii.,- . .. ,. . . L ~ c  v o l a t i l e  :.?ittcr (ASTM s t a n d a r d )  , 
l , j  L !.,12i(;ilL loss 

x = S t o i c h i o x c t r i c  c o e f f i c i e c t  ( b y  n a s s  f o r  r z a c t i o n s  i - 5 ;  
(zo la r  for r e n c z i o n s  6 - 7 )  

y i  = S t o i c h i o x e t r i c  c o e f f i c i e n t  f o r  t h e  solid r e s i d u e  -,roBuccd 

Yi = ibIass f r a c t i o n  of g a s e o x s  s p s c i e s  i i n  t h e  g a s  ;;?.ase 

p = D e n s i t y  i n  t h e  gas  p h a s e  

v = Void s p a c e  i n  t h e  g a s  p h a s e  

ty t h e  g a s  phase d e q a c k t i o n .  

" l .  Ladle I 

K i n e t i c  p a r i i m e t e r s  f o r  t h e  p y r o l y s i s  model 
O f  KQDdyaShl ( R e f .  2 5 )  

XIiUETIC REACTION 
PAiL4MC TER I I1 1 

A c t i v a t i o n  Er ,ergy E 
(kc a l/mo 1 e ) 

Frequency  F a c t o r  k 

( sec-') 

S t o  i c  I-. i o m  t r  i c 
C o e f f i c i e n t  x 

Hea t  o f  R e a c t i o n  AH 
( c a l / q  c o a l )  

17.6 

5 2.2xlO 

0.39 

-412. 

12 2.0xlO 

1.0 

-200. 
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GEiYERAL XY-I'OT-TTJCX SCIIIXE FOX 
C O A L  PYROLYSIS 

AC 

x2PTL + (1 - x2)S1 
x3PG2 + (1 - x3)S2 
x4PG2 + (1 - x4)S3 
x5PG3 + (1 - X-)S 9 4  

SAC 

x7SG1 + Y7S5 

PTG 

x9SG2 + Y9S6 

X10SG3 + '10'7 

'4 

Activatioc Step (high E) 

lOW E 

rncdium E 
primary 
decomposition high E 

* 
hiqh E 

Deactivation Step ( DAC + C ' , 

Polymerization in the liquid 
phase inside the particle 

Vaporization (depending on 
heat and mass diffusion) 

Polyucrization in tile 
gas phase 

Cracking in the gas phase 

c =  
AC = 
PTL = 

PTG = 
PG = 
SG = 
s =  
X,Y = 
A E =  

Initial coal 
Activated coal 
Liquid primary tar 
Gaseous primary tar 
Primary gas 
Secondary gas 
Solid intermediate or residue 
Stoichiometric coefficients 
Activation energy 
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1.0 INTRODUCTION 

Because of r ecen t  i n t e n s e  concern f o r  environmental  conservat ion,  a i r  
p o l l u t a n t s  which o r i g i n a t e  from combustion sources  have a t t r a c t e d  a g r e a t  d e a l  o f  
a t t e n t i o n ,  i nc lud ing  s u l f u r  ox ides ,  n i t rogen  ox ides  (NO ),  and smoke p a r t i c u l a t e s .  
Emission f a c t o r s  f o r  s t a t i o n a r y  sources  have been d e t e g i n e d  which relate t h e  rate o f  
p o l l u t a n t  em s s i o n  to  t h e  types of b o i l e r s  and furnaces  and grades of f u e l  o i l s  and 
o t h e r  fuels. '  S tud ie s  have demonstrated t h a t  NO emissions arise from two sources :  
(1) molecular n i t rogen  i n  t h e  combustion a i r  is  Exidized v i a  a thermal process  t o  
form "thermal NO "; and (2) n i t r o g e n  which i s  chemically bound i n  t h e  f u e l  is con- 
ve r t ed  t o  " fue l  fi0 ''.2,394 The most e f f e c t i v e  approach t o  e l imina t ing  NO 
from combustion soc rces  i s  t h e  modif icat ion of t h e  combustion process .  
combustion modif icat ion techniques have been developed to combat NO emissions,  and 
s taged combustion has  been shown to  be t h e  most e f f e c t i v e  techniqueXfor t h e  suppression 
of t h e  ox ida t ion  of f u e l  n i t r ~ g e n . ~ . ~  
r e l a t e d  to t h e i r  AF'I g r a v i t y  and o the r  p rope r t i e s .  

emissions 
Sgveral  

The smoking t ndencies of f u e l  o i l s  have been 

The growing imbalance between energy consumption and f u e l  product ion has  
c rea t ed  a need t o  supplement petroleum-derived f u e l s  by t h e  conversion of c o a l  and 
o the r  f o s s i l  f u e l  forms i n t o  l i q u i d  f u e l s .  S tud ie s  by many o rgan iza t ions ,  including 
the  Gulf O i l  Corp ra t ion ,  haveshown tha t  low s e v e r i t y  processing is s u f f i c i e n t  to convert  
coal  t o  a low s u l f u r  l i q u i d  f u e l .  However, such l i q u i d s  s t i l l  d i f f e r  from conven- 
t i o n a l  petroleum-derived f u e l  o i l s  i n  t h e  same v i s c o s i t y  range; t h e  coa l  l i q u i d s  
con ta in  more n i t r o g e n  and aromatic  compounds, being hydrogen d e f i c i e n t .  
t he  combustion of such l i q u i d s  can b e  expected to  produce g r e a t e r  emissions o f  NO 
and smoke 

A s  a r e s u l t ,  

X and w i l l  r e q u i r e  upgrading t o  produce s u i t a b l e  f u e l  products .  

I n  o rde r  t o  ob ta in  more information about t h e  r e l a t i o n s h i p s  between coa l  
l i q u i d  composition and combustion emissions,  w e  have submitted s e v e r a l  c o a l  l i q u i d s  
to  t h e  combusti n tests t o  be descr ibed i n  t h i s  paper.  
one-gph (3 .8  dm h) r e s i d e n t i a l  b o i l e r  w a s  used, which required r e l a t i v e l y  small 
s a m p l e s ;  t h e  c o a l  l i q u i d s  were t e s t e d  a s  produced and were in  t h e  q u a l i t y  range 
of a No. 4 f u e l  o i l .  Thus, t h e s e  t e s t s  a r e  prel iminary i n  na tu re ,  and n e i t h e r  
t h e  b o i l e r  nor t h e  l i q u i d s  used a r e  intended to  r ep resen t  f u t u r e  commercial 
equipment o r  f u e l  products .  The r e s u l t s  of these t e s t s  of c o a l  l i q u i d s  a r e  i n s t e a d  
t o  be i n t e r p r e t e d  by r e f e r r i n g  t o  some tests o f  convent ional  petroleum-derived f u e l  
o i l s  i n  t h e  same b o i l e r ,  which served to  "ca l ib ra t e"  i t .  Some o p e r a t i n g  parameters 
of t h e  burners and b o i l e r  w e r e  a l s o  va r i ed  t o  f u r t h e r  e s t a b l i s h  t h e i r  r o l e  i n  t h e  
combustion behavior of t h e  c o a l  l i qu ids .  

I n  these  tests a modified 9 

2 ,  EXPERIMENTAL 

2.1 EQUIPMENT AND PROCEDURES 

The s t r u c t u r e  of t h e  test b o i l e r  and a s soc ia t ed  equipment used is shown in 
Figure 1. 
38cm (15 i n . )  long, 28cm (11 i n . )  wide, and. 3 5 . 5 ~ 1 ~  (14 i n . )  high; t h e  flame gases  
then passed upward i n t o  t h e  b o i l e r  s e c t i o n ,  where they were cooled t o  230-290°C (450- 
550'F). 

The burner  was f i r e d  h o r i z o n t a l l y  i n t o  a f i r e b r i c k - l i n e d  combustion chamber 

Gases were sampled from t h e  f l u e  immediately above t h e  b o i l e r  s e c t i o n ,  and 
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were de l ive red  through 6.25mm O.D. s t a i n l e s s  s t e e l  tub ing  t o  an i c e  b a t h  and a 
t r a i n  of continuous ana lyze r s  f o r  NO 
CO (NDIR), and 02. 
CO, and by comparison wi th  combustion s to i ch iomet r i c  ca l cu la t ions .  A Bacharach smoke 
number sampler (ASTM D 2156) w a s  a l s o  pos i t ioned  i n  t h e  f l u e ;  smoke f i l t e r  d i s c s  were 
read  photometr ica l ly .  The low ve loc i ty  of  t h e  f l u e  gases made i s o k i n e t i c  sampling 
imprac t i ca l .  

. 
(e lec t rochemica l  o r  chemiluminescent), C02  and 

Ins t rument  a c c u r k y  w a s  v e r i f i e d  wi th  Orsat readings  f o r  C 0 2  and 

A modified r e s i d e n t i a l  "gun-type" burner was used, which had a motor-driven 
fan.  The sma l l  o r i f i c e  of t h e  pressure-atomizing nozz le  tended t o  become plugged by 
t h e  c o a l  l i q u i d s ;  and it w a s  necessary  to  s u b s t i t u t e  an  air-atomizing nozz le ,  which 
had no small o r i f i c e s .  This burner  was a l s o  equipped w i t h  a n  e f f i c i e n t  flame r e t e n t i o n  
head, which was so pos i t i oned  t h a t  a l l  the  combustion a i r  emerged through i t  i n t o  the  
combustion chamber. Although t h i s  produced a high s w i r l  and turbulence  i n  t h e  
flame, i t  permitted measurements a t  l o w  excess  a i r  l e v e l s  without t h e  formation of 
excess ive  smoke, which would tend t o  degrade t h e  r e l i a b i l i t y  of t h e  f l u e  gas  ana lys i s  
ins t ruments .  (The behavior of  o t h e r  burners  wi th  l e s s  a i r  turbulence  was a l s o  ascer -  
t a ined ;  t hese  a r e  desc r ibed  i n  Sec t ion  3.2) A f u r t h e r  advantage of t h e  air-atomizing 
nozz le  (compared t o  pressure-atomizing nozz les )  is t h e  independent v a r i a b i l i t y  of 
f u e l  f low (which was c o n t r o l l e d  by a p e r i s t a l t i c  pump), atomizing pressure ,  and f u e l  
v i s c o s i t y .  

3 I n  a t y p i c a l  run, t h e  f u e l  f lowra te  was he ld  cons tan t  a t  3.8 dm / h  
(1.0 gph), and the combustion air  inpu t  w a s  va r i ed .  The atomizing air  p res su re  was 
34.4kPa ( 5  p s i )  un less  o the rwise  noted. The b o i l e r  w a s  f i r e d  i n i t i a l l y  with No. 2 
f u e l  o i l  t o  br ing  t h e  system t o  equi l ibr ium be fo re  in t roducing  samples. 
t he  No. 2 oil w a s  f ed  i n t o  t h e  system t o  check ins t rumenta t ion  and t o  s e r v e  as a 
re ference .  During a run, rhe  combuscion a i r  was va r i ed  and measurements of Smoke 
Number, CO, C02, 02, NO , and unburned hydrocarbon w e r e  taken. 
a i r  g a t e  opening o r  o t h &  ope ra t ing  va r i ab le ,  t h e  excess  a i r  l e v e l  w a s  ca l cu la t ed  i n  
t h e  convent iona l  manner from t h e  measured C02 and t h e  C / H  conten t  of t h e  test f u e l .  

parameter of i n t e r e s t  is t h e  p o r t i o n  of t h e  NO 
and t h e  f r a c t i o n  o f  t h e  f u e l  n i t rogen  w h i c h  was" converted t o  NO 
t h e  f u e l  n i t rogen  emerging a s  N ). 2 gases  from the  combustion of t h e  test f u e l  was assumed t o  be  t h e  s d e  as t h a t  measured 
i n  t h e  combustion of  No. 2 f u e l  o i l ,  and was sub t r ac t ed  from the  t o t a l  va lue  t o  
o b t a i n  t h e  fuel-NO concent ra t ion .  (Two s l i g h t  d i f f e rences  between t h e  combustion 
of No. 2 f u e l  oil 2nd of c o a l  l i q u i d s  which a r e  neglec ted  in t h i s  procedure a r e  t h e  
d i f f e r e n t  volumes of dry  s t a c k  gases and the  d i f f e r e n t  flame temperatures,  r e s u l t i n g  
from t h e  use o f  t he  same volumetr ic  f u e l  feed r a t e  b u t  d i f f e r e n t  hea t  input  rates. 
The r e s u l t i n g  e r r o r  is es t ima ted  t o  be less than 5%.) The f r a c t i o n  of f u e l  n i t rogen  
converted t o  NO w a s  ob ta ined  as t h e  r a t i o  of the  observed fuel-NO concent ra t ion  and 
the  theoreticalXfuel-NO concent ra t ion  computed f o r  complete convegsion by combustion 
s to ich iometry .  
ana lyses .  

Pe r iod ica l ly ,  

A t  each change of the  

I n  a d d i t i o n  t o  t h e  measured t o t a l  concent ra t ions  of NO i n  t h e  f l u e  gas,  a 
which or ig ina tedXfrom t h e  f u e l  n i t rogen  

( the  remainder of 
The concent ra t ion  of thermaf-NO i n  t h e  f l u e  

The n i tgogen  con ten t s  of t he  t e s t  f u e l s  were determined by Kje ldahl  

2 .2  PROPERTIES OF FUELS 

The p rope r t i e s  o f  t h e  f u e l s  t e s t ed  a r e  l i s t e d  in Table I. The c o a l  l i q u i d s  
were produced i n  a bench-scale ve r s ion  of t he  Gulf C a t a l y t i c  Coal Liquefac t ion  process ,  
which is based on t h e  hydrogenation of a pulverized coa l -so lvent  s l u r r y .  Tnese 
l i q u i d s  contained less than  0.1% s u l f u r .  Samples F1 and F2 a r e  f i l t e r e d  f u l l  bo i l i ng  
range process e f f l u e n t s ;  they  were produced from western subbituminous and P i t t sbu rgh  
Seam bituminous c o a l s ,  r e spec t ive ly .  These fu l l - range  l i q u i d s  contained 0.5% n i t rogen ,  
knd t h e i r  v i s c o s i t i e s  were in  t h e  range of  No. 4 o r  No. 5 f u e l  o i l s .  
a 13O-35O0C (270-67O0F) d i s t i l l a t e  obtained from the  fu l l - r ange  l i q u i d  F1; it contained 
0.31% n i t r o g e n  and i ts  v i s c o s i t y  was near t h a t  of No. 2 f u e l  o i l .  

Coal l iqu id  "D"was 

I 

1 
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3. RESULTS AND DISCUSSION 

3.1 FMISSIONS FROM COAL LIQUIDS 

Emissions of s u l f u r  d iox ide  were very low because of t h e  low s u l f u r  content  

The 
of t hese  l i q u i d s .  
gases  were less than  5 ppm except a t  times when t h e  smoke number exceeded e i g h t .  
smoke datu . ire prcsenlrd i n  Section 3.1.3;  t h e s e  coa l  l i q u i d s  produced much less smoke 
than t h a t  which i s  encountered while  burning t y p i c a l  petroleum-derived f u e l  o i l s  having 
such low API g r a v i t i e s  (7-14OAF'I). When t h e  excess a i r  was g r e a t e r  than 25%, a r e l a -  
t i v e l y  low air  requirement ,  t h e  smoke from t h e  d i s t i l l a t e  aod fu l l - r ange  c o a l  l i q u i d s  
was  wi th in  t h e  l i m i t s  corresponding ( r e spec t ive ly )  t o  home fu rnaces  and i n d u s t r i a l  uses. 
The only emission which seemed t o  be problematic w a s  NO,. 

The concen t r a t iom of carbon monoxide and hydrocarbons i n  t h e  f l u e  

3.1.1 Conversion of Fuel-Bound Nitrogen 

The NO concen t r a t ions  i n  t h e  f l u e  gas  measured i n  t h e  tests of t he  coal  
l i q u i d s  i n  t h e  ah -a tomiz ing  t e s t  burner  are shown i n  Figure 2 .  The d i s t i l l a t e  
produced between 250 and 300 ppm of NO , and t h e  ful l - range l i q u i d s  produced between 
300 and 400 ppm of NO . The emissionsXfrom No. 2 f u e l  o i l  a r e  a l s o  shown. The 
concentrat ion of NO 
co r rec t ion  f o r  d i l u t i o n  by excess  air shows (Figure 3) t h a t  t h e  amount of NO emit ted 
from t h e  burning o f  c o a l  l i q u i d s  increased wi th  excess  a i r ;  t h i s  w a s  due t o  fncreased 
ox ida t ion  of t h e  fuel-bound n i t rogen .  The amount of thermal NO produced by t h e  No. 2 
f u e l  o i l  
a d d i t i o n a l  a i r .  

f n  t h e  f l u e  gas d i d  n o t  vary g r e a t l y  wi th  excess  a i r ,  bu t  

decreased w i t h  inc reas ing  excess a i r ,  due t o  coolingXof t h e  flame by the 

The e f f e c t s  of t h e  n i t rogen  content  of t h e  f u e l s  and of t h e  excess a i r  
l e v e l s  i n  t h e  tests can b e s t  be seen i n  Figure 4,  which p resen t s  t h e  f r a c t i o n  of f u e l  
n i t rogen  converted t o  NO a s  a func t ion  of t h e  excess  a i r  l e v e l .  W e  f i r s t  compare 
t h e  behavior of t h e  coa lXl iqu ids  and petroleum f u e l s  when t h e  excess  air  was 25%. 
Thirty-two and f o r t y  percent  of t h e  n i t rogen  i n  t h e  ful l - range coa l  l i q u i d s  w a s  
converted t o  NO . These conversion values  are c l o s e  to  those f o r  0.5% n i t rogen  
petroleum o i l s  Feported by Turner and S i e g m ~ n d ; ~  i n  t h a t  s tudy ,  a 10-gph b o i l e r  was 
used, which contained an  insulat ion-l ined combustion chamber and an air-atomizing 
nozzle.  The f u e l  n i t rogen  conversion exh ib i t ed  by t h e  d i s t i l l a t e  c o a l  l i q u i d  i n  ou r  
tests w a s  52%. which is  higher  t han  t h a t  of t h e  ful l - range l i q u i d s ;  t h i s  va lue  i s  
a l s o  c lose  t o  t h a t  05 a petroleum f u e l  o i l  con ta in ing  0.3% ni t rogen,  observed by 
Turner and Siegmund. -These va lues  f o r  f u e l  n i t rogen  conversion i n  t h e  coa l  l i q u i d s  
a r e  a l s o  c o n s i s t e n t  w i th  the  obse rva t ion  by o t h e r s  t h a t  more of t h e  f u e l  n i t rogen  is  
converted i n  less ni t rogen-r ich f u e l ~ . ~ , 3 , 6  
i n  t h i s  s tudy and i n  t h e  l a r g e  u n i t  reported i n  Reference 3 involvesf lames which a r e  
s i m i l a r  i n  a spec t s  t h a t  a f f e c t  f u e l  n i t rogen  conversion; i f  s o ,  one can conclude t h a t  
t h e  NO emissions from c o a l  l i q u i d s  w i l l  gene ra l ly  resemble t h a t  from petroluem f u e l  
oils i: such b o i l e r s .  Observations of t he  e f f e c t s  of burner ope ra t ing  parameters a r e  
descr ibed i n  Sect ion 3.2. 

It  is  p o s s i b l e  t h a t  t h e  t e s t  u n i t  used 

Thus, t h e  d i s t i l l a t e  c o a l  l i q u i d  contained only 60% as much n i t rogen  a s  t h e  
ful l - range c o a l  l i q u i d s ,  but  i t  y i e lded  nea r ly  a s  much NO i n  combustion, as a r e s u l t  
of the higher  f u e l  n i t rogen  conversion a s soc ia t ed  with i t$ lower n i t rogen  concentra- 
t i o n .  

I n  a d d i t i o n  t o  t h e  e f f e c t  of t he  n i t rogen  concen t r a t ion  on t h e  conversion 
l e v e l s ,  o t h e r  d i f f e r e n c e s  between the  d i s t i l l a t e  and ful l - range l i q u i d s  may have 
inf luenced the  n i t rogen  conversions i n  these l i q u i d s .  The v i s c o s i t y  of t h e  f u l l -  
range l i q u  d was four  t imes t h a t  of t h e  d i s t i l l a t e ,  and from a c o r r e l a t i o n  f o r  pneumatic 
atomizers,' i t  w a s  es t imated t h a t  t h e  mass mean diameter of t h e  d r o p l e t s  i n  t h e  
f i l t r a t e  spray w a s  twice t h a t  of  t h e  d i s t i l l a t e  d rop le t s .  Furthermore, t he  d rop le t s  
of the ful l - range l i q u i d  probably v o l a t i l i z e d  i n  the  flame more slowly than those of 
t h e  d i s t i l l a t e .  
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There a r e  a l s o  a few i n d i c a t i o n s  of e f f e c t s  of t h e  v o l a t i l i t y  and composition 
of t h e  n i t rogen  compounds in  t h e  fue l s .  Approximately one-half of t h e  ni t rogen 
compounds i n  the fu l l - r ange  l i q u i d  F 1  boi led above 350°C (670°F), i n  c o n t r a s t  t o  t h e  
ni t rogeneous components of the d i s t i l l a t e ,  which of course a l l  b o i l e d  below t h a t  
temperature.  Tests  of pyridine-doped No. 2 f u e l  o i l  i n  t he  t e s t  burner  (curve "10"' 
in Figure 7)  a l s o  i n d i c a t e  t h a t  t h e  py r id ine  was more ex tens ive ly  oxidized than were 
the n i t rogen  compounds i n  t h e  d i s t i l l a t e  c o a l  l i q u i d .  [The conversion of t he  0.5% N 
o i l  ( a s  py r id ine )  w a s  c l o s e  t o  t h e  n i t r o g e n  conversion l e v e l  (52% at 25% exce$s a i r )  
of t h e  d i s t i l l a t e  c o a l  l i q u i d  (which contained 0.3% n i t r o g e n ) ,  and t h e  conversion of 
0.3% N oil (as pyr id ine )  would then d e f i n i t e l y  exceed 52X.l F ina l ly ,  i n  t h r e e  of t h e  
burners  employed i n  tests descr ibed i n  Sec t ion  3.2, t h e  conversion of p ipe r id ine  i n  
No. 2 f u e l  o i l  was 10-15% g r e a t e r  t han  t h e  conversion of py r id ine ;  t h e  dopant level 
was 0.50% N i n  both cases, and t h i s  d i f f e r e n c e  occurred only between 50% and 100% 
excess  a i r .  

3.1.2 Ef fec t  o f  Excess A i r  

The major o p e r a t i n g  parameter which a f f e c t s  combustion emissions is t h e  
excess  a i r  l e v e l .  I n  t e s t s  o f  t h e  c o a l  l i q u i d s  i n  t h e  test burner ,  between 70% and 
80% of the  f u e l  ni t rogen i n  a l l  t h e  c o a l  l i q u i d s  w a s  converted t o  NO at ve ry  h igh  
excess  a i r  l e v e l s .  The f u e l  n i t r o g e n  conversion exh ib i t ed  by t h e  d i z t i l l a t e  l i q u i d  
decreased r egu la r ly  t o  40% as t h e  excess  a i r  l e v e l  was red ced t o  6%. These conversion 
l e v e l s  a r e  c l o s e  to those  observed by Turner and Siegmund.Y They a l s o  found t h a t  t h e  
conversion continued t o  dec rease  a s  t h e  a i r  feed w a s  reduced below s to i ch iomet r i c  
va lues ,  i n  a s imula t ion  o f  t h e  f i r s t  s t a g e  of s t aged  combustion; t h i s  accounted f o r  
t h e  success  of t h i s  technique. The conversion of t h e  f u e l  n i t r o g e n  i n  the  ful l - range 
coa l  l i q u i d s  exh ib i t ed  a similar response t o  decreasing excess  a i r ,  a l though i n  t h e  
lower excess  a i r  range, i t s  dec rease  appears  t o  be unusually rapid,  Others have also 
noted dramatic  decreases  i n  conversion wi th  decreasing excess  air . '  Thus, staged 
combustion may se rve  t o  l i m i t  t h e  NO emisaions a r i s i n g  from the  n i t rogen  i n  c o a l  
l i q u i d s .  
r e s idence  t i m e  is longer  than  t h a t  o f  t h e  test u n i t  used here .  However, s taged 
combustion is l imi t ed  by t h e  s o o t  formed i n  t h e  fue l - r i ch  f i r s t  s t age ,  and t h i s  
l i m i t a t i o n  w i l l  become problematic  w i th  coa l  l i q u i d s .  

This technique i s  a l s o  l i k f l y  t o  be more e f f e c t i v e  i n  l a r g e r  furnaces  whose 

3.1.3 Smoke Emissions 

The smoke measurements made during these  tests of t he  c o a l  l i q u i d s  i n  t h e  
Data are a l s o  included from tests o f  anthracene test burner are shown i n  F i g u r e  5. 

o i l  and No. 4 f u e l  o i l  [ t he  la t ter  a t  138kPa (20 psi) atomizing a i r  p res su re ] .  No. 2 
f u e l  o i l  gave no smoke when t h e  excess  a i r  exceeded 1 2 % .  
than 25%, t h e  smoke from t h e  d i s t i l l a t e  coa l  l i o u i d  was l e s s  than ASTM smoke No. 1 
(a t y p i c a l  performance requirement f o r  a home furnace)  and t h e  smoke from t h e  f u l l -  
range l i q u i d s  w a s  less than  approximately a Ringelman number one, which is a common 
l i m i t  f o r  i n d u s t r i a l  furnaces .  This  is a r e l a t i v e l y  low a i r  requirement.  .When t h e  
excess  a i r  was increased above 50%. t h e  smoke from the  d i s t i l l a t e  f u e l s  ( including 
anthracene o i l )  decreased t o  less than  ASTM smoke No. 1; in c o n t r a s t ,  t h e  r e s i d u a l  f u e l s  
( t h e  ful l - range coa l  l i q u i d s  and t h e  No. 4 f u e l  oil) produced moderately p e r s i s t e n t  
smoke. 

When t h e  excess a i r  was Sreater  

There is a r e l a t i o n s h i p  between t h e  smoking tendencies  of t hese  f u e l s  
and some of t h e i r  composi t ional  p rope r t i e s .  
is  appa ren t ly  t h e  non-vo la t i l e  con ten t  o f  t he  ful l - range f u e l s ,  whose p e r s i s t e n t  
smoking places them in a s e p a r a t e  group from t h e  d i s t i l l a t e  f u e l s .  Further  comparisons 
o f  smoke formation from fu l l - r ange  c o a l  l i q u i d s  and from petroleum r e s i d u a l  f u e l s  a r e  
needed and may be made p o s s i b l e  by us ing  a v a r i a b l e  f u e l  p rehea te r  i n  the  t e s t  
burner.  The API grav i ty  o f  t h e  d i s t i l l a t e  f u e l s  is c lose ly  r e l a t e d  t o  t h e i r  tendency 
t o  form soot  i n  the low excess  air  range. V i s c o s i t i e s  and carbon numbers do no t  seem 

The most i n f l u e n t i a l - o f  t hese  p rope r t i e s  
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t o  bear  any r egu la r  r e l a t i o n  t o  t h e  smoking tendencies of t h i s  set of f u e l s ,  al though 
these  p rope r t i e s  a r e  a l s o  important.  

In  o rde r  t o  ob ta in  f u r t h e r  in format ion  about t he  e f f e c t  of t h e  a romat ic  . 
content  of f u e l s  on t h e i r  smoking tendencies ,  a middle d i s t i l l a t e  c y c l e  o i l  was 
t e s t e d .  It resembled t h e  d i s t i l l a t e  c o a l  l i q u i d ,  s i n c e  i t s  API  g r a v i t y  w a s  15.3; bu t  
i t  d id  not  plug pressure-atomizing nozzles,  pe rmi t t i ng  the  use of  a convent iona l  but 
e f f i c i e n t  home furnace  burner.  No. 2 f u e l  o i l  w a s  a l s o  burned f o r  comparison.. The 
No. 2 f u e l  o i l  requi red  17% excess a i r  t o  l i m i t  t he  smoke from i ts  combustion t o  a 
number one spot ;  and the  cyc le  o i l  requi red  a moderate inc rease  i n  excess  a i r ,  t o  
27%, t o  reduce its smoke t o  t h i s  l i m i t .  

'\ 

'r 

\ 

'\ 

L 

3.2 EFFECT OF BURNER DESIGN ON EMISSIONS 

As w e  have descr ibed ,  t h e  combustion of t he  coa l  l i q u i d s  i n  t h e  r e s i d e n t i a l -  
s i z e  test burner produced f u e l  n i t rogen  conversion l e v e l s  which w e r e  c l o s e  t o  t h e  
conversions repor ted  f o r  r e s i d u a l  petroleum f u e l  o i l s  burned i n  somewhat l a r g e r  
u n i t s .  These lat ter furnaces  had air-atomizing nozz les ;  and i n  comparison wi th  
r e s i d e n t i a l  burners ,  they had longer  res idence  times and h igher  flame temperatures.  I n  
con t r a s t ,  t e s t s  by Martin2 i n  a r ep resen ta t ive  r e s i d e n t i a l  furnace  produced f u e l  
n i t rogen  conversions which were gene ra l ly  50% lower then those  observed i n  our  modified 
r e s i d e n t i a l  test furnace  and i n  t h e  l a r g e r  u n i t s  mentioned above. A pressure-atomizing 
nozzle w a s  employed by Martin t o  b u m  a s e r i e s  of No. 2 f u e l  o i l s  doped with py r id ine  
and o the r  n i t rogen  compounds; t h i s  u n i t  had a h igh  tendency t o  form smoke. 

On t h e  o t h e r  hand, much g r e a t e r  f u e l  n i t rogen  conversion has been observed 
i n  s m a l l  combustors i n  which very high combustion i n t e n s i t i e s  were produced by 
acce le ra t ed  mixing of combustion a i r  and f u e l .  and a l s o  by t h e  f i n e  a tomiza t ion  of 
t h e  0 i 1 . ~ ~ ~  
NO . In  o rde r  t o  r e l a t e  our r e s u l t s  t o  these  var ious  s t u d i e s ,  s e v e r a l  burners were 
asgembled having va r ious  a i r  handling p a r t s  which va r i ed  the  a i r  mixing r a t e  over a 
wide range; t hese  burners  w e r e  used i n  a series of tests wi th  No. 2 f u e l  o i l  doped 
wi th  py r id ine  a t  t h e  l e v e l  of 0.50% ni t rogen .  Since t h e  smoke-forming tendency of 
such burners  decreases  wi th  an  inc reas ing  a i r  f u e l  mixing r a t e ,  t he  smoke number 
curve of each burner was used t o  empi r i ca l ly  c h a r a c t e r i z e  its mixing r a t e  as shown i n  
F igure  6 .  Each burner is des igna ted  by the  excess a i r  l e v e l  which i t  requi red  to  
reduce t h e  smoke t o  a number one spo t ;  f o r  example, t h e  test burner used i n  t h e  coal 
l i q u i d s  test requi red  only  10% excess a i r ,  whi le  t he  l e a s t  e f f i c i e n t  r e s i d e n t i a l  
burner  requi red  120% excess a i r .  
burners  except Unit "lo", and the  d rop le t s  produced by t h e  former w e r e  probably 
s e v e r a l  t i m e s  l a rge r  than those produced by the  a i r -a tomiz ing  nozz le  i n  Unit 10.  
Burners 40A, 40B. and 120 were f i r e d  i n  the  same test b o i l e r  a s  Unit 10 ,  but had 
var ious  a i r  h d l i n g  p a r t s  and/or  flame r e t e n t i o n  heads. Curve "75" is  p l o t t e d  from 
d a t a  obtained*' from the  t e s t  furnace employed by M y t i n  and Berkau i n  the  tests of 
pyridine-doped No. 2 f u e l  o i l  which we c i t e d  above. 

I n  such u n i t s  between 50% and 100% of the  f u e l  n i t rogen  w a s  converted t o  

Pressure-atomizing nozz les  were employed i n  a l l  

Each of t hese  burners  w a s  used t o  f i r e  No. 2 f u e l  o i l  which contained 0.5% 
n i t rogen  as pyr id ine ;  F igure  7 d i sp l ays  t h e  f u e l  n i t rogen  conversion observed i n  each 
burner p l o t t e d  a s  a func t ion  of excess air. 
conversion w a s  g r e a t e r  i n  burners  having lower smoking tendencies  o r  f a s t e r  a i r - f u e l  
mixing. For example, a t  50% excess a i r ,  Burner 120, which produced t h e  most smoke, 
converted only 35% of t h e  f u e l  n i t rogen  t o  NOx. 
n i t rogen  conversion t o  NO was 70%. 

A t  any excess a i r  va lue ,  the  f u e l  n i t rogen  

I n  c o n t r a s t ,  i n  Unit 10, t he  f u e l  

4.0 CONCLUSIONS 

I n  the  following, w e  summarize t h e  observa t ions  made wi th  t h e  p a r t i c u l a r  
f u e l s  and b o i l e r  used he re ,  and note  some impl i ca t ions  of these  r e s u l t s .  

I 
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1. 
of s u l f u r  ox ides  (because of t h e i r  low s u l f u r  conten t )  and CO and hydrocarbons. The 
amount of smoke from the  combustion of t h e  d i s t i l l a t e  and t h e  fu l l - range  l i q u i d s  was 
less than  t h e  t y p i c a l  limits f o r  ( r e spec t ive ly )  home furnaces  and f o r  i n d u s t r i a l  un i t s .  
Only t h e  NOx emissions were p o t e n t i a l l y  problematic.  
t h e  removal of n i t rogen  from some c o a l  l i q u i d s  by upgrading; the minimum processing 
requirements 

Generally,  t h e  combustion of t h e  coa l  l i q u i d s  produced n e g l i g i b l e  amounts 

This  problem can be solved with 

f o r  t h i s  are now be ing  a sce r t a ined .  

2. The c o a l  l i q u i d s  t e s t e d  contained 0.3% and 0.5% n i t rogen ,  and the  concen- 
t r a t i o n  of NOx i n  t h e  f l u e  gas  r e s u l t i n g  from t h e i r  combustion ranged between 240 and 
400 ppm. The behavior of t h e  coa l  l i q u i d s  in the  test burner used h e r e  w a s  s i m i l a r  
to t h a t  observed by Turner and Siegmund in t h e i r  tests of petroleum r e s i d u a l  o i l s  
i n  a 10-gph b o i l e r .  A t  25% excess  a i r ,  35% t o  50% of the  fuel-bound n i t rogen  was 
converted t o  NO . Although t h e  n i t rogen  conten t  o f  t he  d i s t i l l a t e  c o a l  l i q u i d  w a s  
4011 less than t f a t  of t h e  fu l l - r ange  l i q u i d ,  NO 
apprec iab ly  reduced. 
sugges t s  t h a t  staged combustion w i l l  be  e f f e c t i v e  when app l i ed  t o  coa l  l i q u i d s  
combustion, although smoke format ion  may then be problematic.  

emissions from t h e  former were n o t  
The reduc t ion  i n  NO emishons  wi th  decreas ing  excess air 

3. Pyridine-doped No. 2 f u e l  o i l  exh ib i t ed  more ex tens ive  conversion to 
NO 
thg  n i t rogen  conten t  of  t h e  latter. 
conversion than  did pyr id ine ,  a t  h igh  excess  a i r  l e v e l s .  
between t h e  emissions from t h e  combustion of fu l l - range  l i q u i d s  der ived  from bituminous 
and sub-bituminous coa l .  

t han  d id  t h e  d i s t i l l a t e  coal l i q u i d ,  probably due to  t h e  lower v o l a t i l i t y  of 
P i p e r i d i n e  appeared t o  e x h i b i t  s l i g h t l y  h igher  

There was l i t t l e  d i f f e rence  

’ 
4. Tests of pyridine-doped No. 2 f u e l  oil i n  a s e r i e s  of modified burners  

showed t h a t  as the f u e l - a i r  mixing rate w a s  increased  and smoke €ormation decreased, 
t he  conversion of f u e l  n i t rogen  was doubled. 
burner  used in the c o a l  l i q u i d s  t e s t s  w a s  g r e a t e r  than  t h a t  i n  conventional home 
furnace  burners .  

The f u e l - a i r  mixing r a t e  in t h e  test 

In  conclusion, t h e s e  tests of c o a l  l i q u i d s  i l l u s t r a t e  how s e v e r a l  f u e l  

These e f f e c t s  are similar t o  those noted i n  o thersVxobserva t ions  
p r o p e r t i e s  and equipment and ope ra t ing  parameters a f f e c t  t he  emissions of NO 
smoke from t h e s e  f u e l s .  
of t h e  combustion of petroleum f u e l  d s ,  although more d e f i n i t i v e  t e s t i n g  is ind ica ted .  

and 



\ 

209 

\ 

\ 

, 
/ 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

REFERENCES 

Barrett, R.E. ,  Miller, S.E., Locklin,  D.W., "Field I n v e s t i g a t i o n s  of 
Emissions from Combustion Equipment f o r  Space Heating", June 1973, 
EPA Contract  No. 68-02-0251. 

Martin,  G.B. and Berkau, E.E., "An I n v e s t i g a t i o n  of t h e  Conversion Of 
Various Fuel  Nitrogen Compounds t o  NO i n  O i l  Combustion". 
at  70th Nat ional  AIChE Meeting, A t l a n t i c  Ci ty ,  August 1971. 

Turner, D.W. and Siegmund, C.W., "Staged Combustion and F lue  G a s  
Recycle: P o t e n t i a l  f o r  Minimizing NO from O i l  Combustion". Presented 
a t  AFRC/EPA "American Flame Days", Chfcago, Sept.  1972. 

Appleton, J .P.  and Heywood, J . B . ,  Fourteenth Symposium ( I n t e r n a t i o n a l )  
on Combustion, Combustion I n s t i t u t e .  P i t t sbu rgh ,  PA (1973), p. 777. 

Pershing, D.W., e t .a l . ,  "Effect o f  Design Variables  on t h e  Product ion 
of Thermal and Fuel  NO from Residual  O i l  and Coal Combustion". Presented 
a t  the  66th Annual AICHE Meeting, Ph i l ade lph ia ,  Nov. 1973. 

Muzio, L . J . ,  et.al., "Package Bo i l e r  Flame Modif icat ions f o r  Reducing 
N i t r i c  Oxide Emissions, Phase II", June 1974, EPAContract No. R2-73-292-b. 

Presented 

Kraus, B.J.  and Coburn, J.F., "Emissions from Domestic Heat ing O i l  
Combustion", ACS Div. o f  Fuel  Chemistry P r e p r i n t s  2 (5), (1974), p. 49. 

Wigg, L.D., J. Inst. Fuel 22, (1964), p. 500. 

Merryman, E.L., e t .al . ,  "Recent S tud ie s  of t h e  Conversion of Fuel Nitrogen 
t o  NOx". 
Combustion I n s t i t u t e ,  March 26-27, 1974. 

Presented a t  a Meeting of t h e  Central S t a t e s  S e c t i o n  of t h e  

10. Wasser, J.H., e t . a l . ,  J. A i r  Po l l .  Control  Assoc. 18 ( 5 )  p. 332 (1968). 



2 10 

0 0 0 
0 0 0 

nl 
0 
0 
t m - 



\ 

' \  

I 
I 

I. 
i 

I I z z'z 

0 0 0 0 
QD io t cu 

'ON 01 031kl3AN03 N-13nd d O %  

99' 
i 
i. LL' 

/ :  z 
9 

0 0 0 0 0 
0 0 - 0 8 v) t a (u 

0 0 

211 

u) 
u) 
W 
0 o x  

N w  

k l l W  S S 3 3 X 3  o/oSI 01 'Ut103 'ON 



IO 

w 
. Y  

P 4  
v) 

2 

F IGURE 5 
SMOKE FROM COAL L I Q U I D S  

AND OTHER F U E L S  

1 I I I 
0 FULL RANGE FI 
0 FULL RANGE F2 
X NO. 4 EO. 

+ ANTHRACENE OIL 

I I I I 

20 40 60 00 
E X C E S S  A I R ,  '/e 

212 

FIGURE 6 
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COMPARISON OF EVOLUTION OF HETEROATOMS FROM COAL AND PETROLEUM-BASED ELECTRODE 
COKES. G. M. Kimber, M. D. Gray, Nat ional  Coal Board, Coal Research Establishment, 

Stoke Orchard, Cheltenham, Glos. England. 

A rou te  f o r  making, from coal ,  a h igh -pu r i t y  coke s u i t a b l e  f o r  t he  manufacture o f  
both g raph i te  and carbon electrodes has been developed by the  Nat iona l  Coal Board a t  i t s  
Coal Research Establishment i n  England. 
so lvent  ex t rac t i on  o f  coal  and i s  p a r t  o f  a wider NCB programme i n t o  the  b e n e f i c i a t i o n  
o f  coal which includes, besides e lec t rode coke, hydrocarbon products, chemicals and 
carbon f i b res .  This paper describes the  heat t reatment o f  cokes i n  t h e  range 1300 - 
2500°C and shows t h a t  t he  heteroatoms i n  coal-based e lec t rode cokes a re  bound t o  the  
carbon s t ruc tu re  i n  a d i f f e r e n t  manner t o  those i n  petroleum coke. By measuring the  
growth o f  g r a p h i t i c  c r y s t a l l i t e s  by x-ray d i f f r a c t i o n ,  i t  i s  a lso  shown t h a t  the r a t e  
o f  g raph i t i sa t i on  i s  s i m i l a r  f o r  both types o f  coke. 

This process f o r  e lec t rode coke invo lves  t h e  
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INTRODUCTION 

Information on t h e  r a t e s  o f  coa l  d i s s o l u t i o n  which i s  needed i n  t h e  
design o f  r e a c t o r s  i n  a c o a l  l i q u e f a c t i o n  p l a n t  has  been very l i m i t e d ;  
t h e r e f o r e ,  mcthods a r e  needed by which d i s s o l u t i o n  r a t e  d a t a  can be 
ex t r apo la t ed  t o  o t h e r  o p e r a t i o n  cond i t ions .  In t h i s  s e c t i o n ,  t h e  r a t e s  
of s o l v a t i o n  of coa l  i n  v a r i o u s  o i l s  under hydrogen p res su re  without t h e  
p re sence  of c a t a l y s t  a r e  examined. 

The r l e  o f  s o l v e n t s  i n  coa l  l i q u e f a c t i o n s  has  been discussed by 
Ocle e t  a17 1. Anthracene o i l ,  for example, i s  a good so lven t  when used 
a t  a h igh  temperature  about  700°K; and t h e  so lven t  i t s e l f . c a n  be recovered 
from t h e  s o l u t i o n  s u b s t a n t i a l l y  unchanged. 
presumed t o  f a c i l i t a t e  thermal  degradat ion o f  coa l  causing breakage o f  
t h e  coa l  i n t o  sma l l e r  and more r e a d i l  d i s s o l v a b l e  fragments.  In  r e c e n t  
yea r s ,  many i n v e s t i g a t o r s C  
process  t h e  hydrogen added t o  t h e  coa l  is l a r g e l y  der ived from t h e  v e h i c l e  
so lven t  such a s  r e c y c l e  o i l ,  anthracene o i l  or p a r t l y  hydrogenated phenan- 
thene.  The func t ion  of hydrogen and c a t a l y s t  is t o  subsequent ly  re-hydro- 
genate  t h e  v e h i c l e  s o l v e n t .  Once a p a r t  of t h e  c o a l  has  been brought i n t o  
t h e  s o l u t i o n  by phys ica l  d i s s o l u t i o n  o r  by p a r t i a l  hydrogenation, t h e  
molecular  spec ie s  der ived from t h e  coa l  can migrate  i n  t h e  s o l u t i o n  where 
it can be f u r t h e r  hydrogenated. 

The a c t i o n  o f  so lven t  i s  

3 9  4~ ’1 have p o s t u l a t e d  t h a t  i n  t h e  l i q u e f a c t i o n  

, 

Curran e t  a l r  ’1 s t u d i e d  t h e  k i n e t i c s  o f  t h e  t r a n s f e r  of hydrogen 
from t e t r a l i n  t o  bituminous c o a l  and coal e x t r a c t s .  
t h e  d i s s o l u t i o n  is a first o rde r  r e a c t i o n ,  and assumes t h a t  thermal 
decomposition o f  coa l  i n t o  f r e e  r a d i c a l  comp ne t s  occurs  wi th  t h e  slowest 
c h a r a c t e r i s t i c  r a t e  c o n s t a n t .  Klopper e t  a l p  4 ”  noted a markcd inc rease  
on coa l  d i s s o l u t i o n  a s  t h e  p a r t i a l  p re s su re  of hydrogen was increased i n  
a batch autoclave system. 

They proposed t h a t  

I n  t h i s  s tudy  a r a t e  equa t ion  f o r  d i s s o l u t i o n  o f  coal  under hydrogen 
p res su re  is proposed which can d e s c r i b e  f a i r l y  c l o s e l y  
d a t a  r e p o r t e f  by P i t t s b u r g  E Midway Coal Mining Company1 6 1  and t h e  Univer- 
s i t y  o f  Utah 7 . Data ob ta ined  by Colorado School o f  Mines[gI a r e  used t o  
compare t h e  s u l f u r  con ten t  i n  desu l fu r i zed  c o a l .  

he experimental  

Un ive r s i ty  of Utah Coal Hydrogenation 

The da ta  on coa l  hydroso lva t ion ,  without c a t a l y s t ,  from t h e  Un ive r s i ty  
of Utah a r e  examined i n  t h i s  s tudy . 
hydrogen pressure i n  a ba t ch  s t i r r c d  tank rci lc tor .  
performed i n  a temperature  range of  400-500eC, undcr a hydrogen p res su re  
of 0-2000 p i g ,  with a r e s i d e n c e  time ranging from 2 t o  30 minutes.  

Coal was s l u r r i e d  i n  a coa l  der ived o i l  and was hydro t r ea t ed  under 
Experiments were 
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I 

Analysis of t h c  coal  u s c d  i s  shown i n  Tahlc 1 .  Examining t h e  d a t a  r epor t ed ,  
an rmpi r i ca l  r a t e  cquat  ion i s  proposcd hcrc which sccnis t o  r ep resen t  t h e  
d i s s o l u t i o n  r a t e s  c l o s c l y .  l'hc proposcd r a t c  cxpression has t h e  form: 

[ r a t e  of I= [ r a t c  l e j c f i o n  of undissolved oa l - so lven t  
d i s s o l u  t ion cons t an  t s o l i d  o rgan ic s  J g f  r a t i o  1 

o r  x < 0 .95  (1) 

\ 

1 

where rA +s  t h e  r a t e  o f  d i s s o l u t i o n  i n  gm. p e r .  h r .  C . C .  r e a c t o r  volume, 
Cso i s  t h e  weight f r a c t i o n  o f  o rgan ic s  i n  t h e  un t r ea t ed  c o a l ,  

k i s  t h e  d i s s o l u t i o n  r a t e  cons t an t  i n  gm. p e r .  h r .  p e r  C .C .  

X i s  t h e  conversion,  de f ined  as (amount of s o l i d  o rgan ic s  d i s so lved) /  
r e a c t o r  volume 

(amount o f  s o l i d  o rgan ic s  i n  t h e  un t r ea t ed  c o a l ) ,  
and i s  t h e  coal  t o  so lven t  (weight) r a t i o .  

In t eg ra t ing  Equation (1) gives:  

ln(1-X) = - k * O  

where O f o r  t h e  ba t ch  r e a c t o r  i s  def ined a s  (C ) (  )('), 

and 
so s t is  t h e  r e a c t o r  t ime i n  hours ,  

Cao i s  grams o f  ash f r e e  coa l  p e r  C . C .  of r e a c t o r  volume. The 
va lue  of Cao i s  e s t ima ted  t o  be 0.245 gm/c.c. f o r  t h e  Utah 
experiments.  

The Un ive r s i ty  o f  Utah 's  d a t a  a r e  shown i n  Figure 1 i n  terms o f  
ln(1-X) and 8 a s  suggested by t h e  above equa t ion .  Three hydrogen 
p rcs su re  l e v e l s  were i n v e s t i g a t e d  and t h e  e f f c c t  o f  p re s su re  on t h e  
d i s s o l u t i o n  r a t e  cons t an t ,  k ,  i s  shown i n  Figure 2. This  f i g u r e  
suggests  an exponent ia l  dependency o f  t h e  r a t e  cons t an t  of t h e  hydrogen 
p a r t i a l  p re s su re .  Incorporat ing t h e  hydrogen p res su re  e f f e c t  on t h e  
r a t e  cons t an t ,  and assuming an Arrhenius temperature  dependency, t h e  
r a t e  equat ion given by Equation (1) t akes  t h e  form 

rA = koEXP.(-E/RT) exp(0.000684 P ) (Cso) (1-X) (k) H2 S 

where t h e  d i s s o l u t i o n  r a t e  cons t an t ,  k ,  i n  Equation (1) and (2) is 
assumed t o  have t h e  form k = koexp (-E/RT) exp (BPH~) and P H ~  i s  t h e  
p a r t i a l  p re s su re  o f  hydrogen i n  p s i a .  

(3)  

The Unive r s i ty  o f  Utah 's  experimental  d a t a  a r e  then  shown i n  Figure 
3 p l o t t e d  i n  t h e  form suggested by Equation (2) and t a k i n g  i n t o  account  
t h e  hydrogen p res su re  dependency o f  t h e  d i s s o l u t i o n  r a t e  cons t an t .  In 
Figure 4 t h e  temperature dependency of t h e  d i s s o l u t i o n  r a t e  cons t an t  is  
assumed, and t h e  a c t i v a t i o n  energy is found from t h e  Arrhenius p l o t  
(gfven i n  Figure 5 ) t o  be about 11 Kcal/mole. 
u s ing  t h e  above a c t i v a t i o n  energy a r e  compared with experimental ly  
rcported convcrsions i n  Figurc 6 .  
t h e  agreement i s  good. 

Calculated conversions 

I t  can be seen from t h i s  f i g u r e  t h a t  

Y 
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Solvent  Refined Coal (SRC) Process 

The experimental  da  a or the  SRC process  are taken  from P i t t s b u r g  and 
Midway's monthly r e p o r t s  6 f  . Raw coal  was pulver ized  t o  -150 mesh and 
mixed with s o l v e n t  (Table 2 gives  t h e  a n a l y s i s  o f  t h c  coal  used) .  The 
coa l -so lvent  s l u r r y  was pumped toge ther  with hydrogen, through a prehea t  
c o i l  (an 18 f o o t  l e n g t h  o f  high p r e s s u r e  tub ing  having 13/64 inch I.D.) 
t o  a r e a c t o r  zone o r  " d i s s o l v e r  c o i l "  ( length  t o  diameter  r a t i o  = 1O: l ) .  
The d i s s o l v e r  was opera ted  i n  a temperature  range of  375-450'C and a 
p r e s s u r e  range of  1500-2000 p s i g ,  (a major i ty  of t h e  experiments were 
run a t  1500 p s i g ) .  
b lack  feedstock (FS120) and anthracene type so lvent .  

Two modes o f  o p e r a t i o n  were s tud ied :  r e c y c l e  and t h e  s i n g l e -  
ThrOWhputmode. The r e c y c l e  stream c o n s i s t e d  o f  e i t h e r  u n f i l t e r e d  c o a l  
s o l u t i o n ,  or a mixture  o f  u n f i l t e r e d  coal  s o l u t i o n  and d i s t i l l e d  l i q u i d  
product .  The s i n g l e  throughput  opera t ion  used t h e  d i s t i l l e d  l i q u i d  
product  from t h e  prev ious  experimental run a s  t h e  so lvent  feed for t h e  
next  r u n .  

The s t a r t i n g  s o l v e n t s  for t h e  experiments were carbon 

The performance equat ion  f o r  t h e  plug flow r e a c t o r  used  i n  t h e  SRC 
experiments i s  s i m i l a r  t o  t h e  performance equat ions f o r  a batch r e a c t o r  
used by the Univers i ty  o f  Utah given by Equation (2) i f  t h e  q u a n t i t y  0 
is redef ined  . 

For t h e  plug-flow r e a c t o r  and s i n g l e  throughput opera t ion  Equation 
(2) becomes 

ln(1-X) = - k . 9 '  (4) 

For t h e  plug-flow r e a c t o r  and t h e  recyc le  mode opera t ion  i n t e g r a t i o n  o f  
Equation (1) g ives  

1-x2 
1-x1 I n  (-) = -k .e '  

v c  
F S  where 8 '  = (-)(-)(Cso) is  i n  hr.-c.c./gm., V i s  t h e  volume of t h e  r e a c t o r  

i n  c.c. ,  F i s  t h e  mass flow r a t e  of s o l i d  organics  i n t o  
r e a c t o r  i n  gm. p e r  h r . ,  and X i .  X z  a r e  conversions a t  t h e  
e n t r y  and e x i t  of  a recyc le  r e a c t o r .  

Based on P i t t s b u r g h  and Midway's d a t a  ln(1-X) or  I n  (( l -X2)/( l -X1))  
The s l o p e  of  t h e  

Assuming on Arrhenius  
was p l o t t e d  a s  a f u n c t i o n  of  e * ,  as shown i n  Figure 7 .  
l i n e  through t h e  d a t a  r e p r e s e n t s  t h e  value o f  (-k). 
dependency of  t h e  d i s s o l u t i o n  r a t e  c o n s t a n t ,  k, on temperature  ( i . e . ,  
kuexp(-E/RT), t h e  s l o p e  o f  t h e  curve of  I n  k versus  1/T ( s e e  i n  Figure 9) 
is equal  t o  (-E/R). 
be 4 .5  Kcal/mole wi th  ko = 15.34 gm/hr.-c.c. 
depcndcnce of t h e  d i s s o l u t i o n  r a t e  on t h e  p a r t i a l  p r e s s u r e  of  hydrogen 
t h a t  was observed f o r  Univers i ty  of Utah 's  experiments was assumcd f o r  t h e  
P i t t sburgh  and Midway's cxpcrinients. 
which must be  v a r i f i o d  by f u r t h e r  exper iqents .  

, 

The va lue  of  t h e  a c t i v a t i o n  energy,  E ,  is found t o  
I n  c a l c u l a t i n g  ko t h e  same 

This  i s  a t e n t a t i v c  assumption 

' I  

I 
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'lhe small  a c t i v a t i o n  energy siizgests t h a t  t h e  r a t e  o f  d i s s o l u t i o n  
is probably c o n t r o l l e d  by t h e  coun te r -d i f fus ion  of d i s so lved  o rgan ic  
coniponents from coa l  t o  solvent  and t h e  d i s so lved  hydropm i n  t h e  
so lvcn t  t o  t h e  coa l  p a r t i c l e .  
energy and t h e  proposcd r a t e  expression coiivcrsions a r e  c a l c u l a t e d  
and compared with t h e  experimental  va lues  r epor t ed  by P i t t s b u r g h  and 
Midway a s  shown i n  Figure 9. 
can be seen. 

Using t h e  above va luc  o f  t h e  a c t i v a t i o n  

Fa i r ly  good agreement between t h e  two 

Colorado School o f  Pline Su l fu r  Removal Experiments 

Colorado School o f  Mines performed a f a c t o r i a l  experimental  design 
on d e s u l f u r i z a t i o n  o f  c o a l .  Although, t h e i r  experiments were no t  i n -  
t en ted  f o r  k i n e t i c  s t u d i e s  of coa l  d i s s o l u t i o n ,  t h e  r e l a t i o n  between 
t h e  percent  s u l f u r  i n  desu l fu r i zed  coa l  and t o t a l  s u l f u r  con ten t  of feed 
can be compared with t h a t  of P i t t sbu rgh  & Midway Co. hs shown i n  Figure 
11. I t  can be noted t h a t  t he  anthracene o i l  curve obtained from t h e i r  
experiments ag rees  c l o s e l y  with t h a t  of runs obtained by P i t t s b u r g h  & 
Midway Co. a l s o  from anthracene type so lven t .  

Discussion 

The a c t i v a t i o n  energy f o r  d i f f u s i o n  of a non-polar  chemical spec ie s  
i n  coa l  de r ived  l i q u i d  can be est imated t o  be 4 . 3  t o  6.0 kcal/gmole which 
is approximately i n  t h e  range o f  t h e  a c t i v a t i o n  energy observed i n  t h e  
Universi ty  of Utah 's  and P i t t sbu rgh  and Midway's coa l  d i s s o l u t i o n  
experiments.  Thus, it seems reasonable  t h a t  t h e  d i s s o l u t i o n  o f  coa l  i n  
solvent-hydrogen mixtures  may be d i f f u s i o n  c o n t r o l l e d .  

The r a t e  o f  coa l  d i s s o l u t i o n  appears t o  be independent o f  t h e  coa l  
p a r t i c l e  s i z e  d i s t r i b u t i o n  w i t 1  
considered. There i s  evidcncei'y t h a t  l i q u e f a c t i o n  process  i s  no t  a 
s teady e ros ion  o f  a coal  p a r t i c l e ,  from t h e  ou t s ide ,  but  r a t h e  t h e  
so lven t  p e n e t r a t e s  t h e  p a r t i c l e  pores  causing swe l l ing  and d i s i n t e g r a t i o n  
o f  t he  p a r t i c l e s ,  exposing new s u r f a c e  a t  which d i s s o l u t i o n  can t a k e  
p l ace .  Apparently f o r  some c o a l s ,  temperature above 370-390°C, t h e  coa l  
p a r t i c l e s  appear t o  puff  up l i . ke  popcorn and d i s i n t e g r a t e  i n t o  sma l l e r  
fragements.  

t h e  range of ope ra t ing  cond i t ions  

The l i n e a r  dependence of t h e  d i s s o l u t i o n  r a t e  on t h e  
coal-solvent  r a t i o ,  (C/S), i s  shown i n  Figure 10, i n  which t h e  
quan t i ty  -ln(l-X)/[k(V/F) (Cso)] i s  shown a s  a func t ion  o f  (C/S). 
Thi.s l i n e a r  r e l a t i o n  is observed f o r  coa l - so lven t  r a t i o s  ranging 
from 0 .2  t o  0 .6 .  

. . . . . . . 

Comparison o f  Figures  1 and 7' r e v e a l s  t h a t  t h e  r a t e  cons t an t  
from Universi ty  of Utah's experimental  runs is l a r g e r  than t h a t  from 
P i t t s b u r g  and Midway's runs ( see  a l s o  Figure 21).  
t i o n  f o r  t h i s  d i f f e r e n c e  i s  t h a t  t h c  ba t ch  r e a c t o r  with a s t i r r i n g  
device probably had niorc tubu lcn t  con tac t ing  between solvent.  and coa l  
p a r t i c l e s  (hcnce,  high niass t r a n s f e r  c o e f f i c i e n t s )  than t h e  t u b u l a r  

r\ p o s s i b l e  explana- 

1 
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r c a c t o r  of P i t t sbu rgh  and Midway cxpcriments.  Furthermore,  s i n c e  the  
Univers i ty  of Utah and P i t t sbu rgh  and Mi'dway used d i f f e r e n t  coa l s  
f a c t o r s  such a s  rank of coa l ,  geologica l  h i s t o r y ,  and minera l  con ten t  
i n  ash could have a f f e c t c d  l i q u e f a c t i o n  r a t e .  In p a r t i c u l a r ,  mineral  
ma t t e r  contained i n  t h e  coa l  has been thought t o  ca t a lyzc  coa l  d i s s o l u t i o n .  

I n  Solvent Refined Coal process  and i n  most continuous coa l  

It i s  
l i q u e f a c t i o n  p rocesses ,  a p rehea t ing  s e c t i o n  i s  u s u a l l y  r equ i r ed  t o  
hea t  t h e  incoming feed  stream of  t h e  d i s s o l u t i o n  r e a c t o r .  
p o s s i b l e  t h a t  p a r t i a l  d i s s o l u t i o n  of the coa l  t a k e s  p lace  i n  t h i s  
s e c t i o n .  Thercfore ,  t h e  c o n t r i b u t i o n  of  t h e  prehea ten  s e c t i o n  i n  
d i s so lv ing  t h e  coa l  should be considered i n  ana lyz ing  t h e  d i s s o l u t i o n  
k i n e t i c .  

. 

Conclusions 

(1) The coa l  d i s s o l u t i o n  d a t a  obtained from t h e  P i t t s b u r g  and 
Midway Company and t h e  Un ive r s i ty  of  Utah have been eva lua ted  based 
on a proposed d i s s o l u t i o n  r a t e  equa t ion ,  
based on t h e  proposed k i n e t i c  r a t e  express ion  agree  f a i r l y  c l o s e l y  with 
t h e  experimental  convers ions  r epor t ed  by t h e  Un ive r s i ty  of  Utah ' s  
coa l  hydrogenation experiments and P i t t s b u r g  and Midway's SRC expe r i -  
mcnt. The r a t e  of d i s s o l u t i o n  f o r  x < 0.95 can be represented  by t h e  
fo l lowing  empir ica l  equat ion .  

The ca l cu la t ed  convers ions  

r A  = koexp(-E/RT) (Cso) (1-X) (!$exp(0.000684 . P H ~ )  

I l l i n o i s ,  River  King Coal Kentucky No. 9 Coal 

where ko 2125 gin/hr.-c.c.  15.3 & h r . - c . c .  

E 11 Kcal/g-mole 4.5 Kcal/g-mole 

(2) The tempera ture  e f f e c t  on t h e  r a t e  cons t an t  f o r  bo th  p rocesses  
has  been examined and t h e  a c t i v a t i o n  ene rg ie s  f o r  coa l  d i s s o l u t i o n  vary  
depending on t h e  type  o f  coa l  and con tac t ing  dev ices  used. 
t h e  small a c t i v a t i o n  e n e r g i e s  ca l cu la t ed  from experimental  d a t a ,  i t  i s  
pos tu l a t ed  t h a t  t h e  r a t e  of d i s s o l u t i o n  i s  probably con t ro l l ed  by t h e  
d i f f u s i o n  of some o rgan ic  component from t h e  coa l  s u r f a c e  i n t o  so lven t -  
hydrogen mixture .  

Based on 

(3)  The d i s s o l u t i o n  r a t e  of coa l  appears t o  depended exponen t i a l ly  
on t h e  hydrogen p a r t i a l  p re s su re .  
needed t o  v a l i d a t e  t h i s  conclus ion .  

However, f u r t h e r  i n v e s t i g a t i o n s  a r e  

(4 )  A rough r e l a t i o n  exists between t h e  p rccen t  of  s u l f u r  i n  s o l i d  
coa l  f e d  and t h e  pe rcen t  of s u l f u r  remaining i n  desu l fu r i zed  coa l  f o r  a 
given type o f  s o l v e n t .  
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TABLE 1 

Analysis  o f  Coal Uscd i n  11 Univers i ty  o f  Utah 's  Coal 
llydrogcnation E ~ p c r i m e n t s ~ ~ ~  I l l i n o i s ,  River King Coal.  

Proximate w t . %  Ultimate (maf) w t . %  

Moisture 5.6 Carbon 79.7 

Ash 9.9 tlydrogcn 5.4 

V o l a t i l e  Matter  36.7 Nitrogen 2.1 

Fixed Carbon __ 47.8 S u l f u r  3 .8  

Oxygen ( d i f f . )  9.0 
100.0 

100.0 

TABLE 2 

Analysis o f  Coal Used i n  t h e  SKC Process[61 Kentucky No. 9 Coal 

Proximate w t . %  U1 t ima te  w t . %  (dry) 

Moisture 3.90 9.34 Carbon 70.56 72.76 

Ash 11.33 8.40 Hydrogen 4.87 5.24 

V o l a t i l e  Matter  36.35 35.28 Nitrogen 1.48 1 . 6 3  

Fixed Carbon 48.42 46.98 Chlorine .07 -10 

S u l f u r  4 .27 3.35 

Ash 11.79 9.27 

100.00 100.00 

Oxygen ( d i f f )  6.96 7.65 
100.00 100.00 
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Figure 3 CORRELATION OF K I H E T I C  RATE EQUATION ON COAL DISSOLUTION 
(Temp. = 450°C)  

4 



I 

I 

0.2 0.4 0.6 0:8 1.0 I 

8 0  ( Cs,,l( t/C,,)(C/S) thr.-c.c./grn.l 

F i g u r e  4 TEMPERATURE EFFECT ON RATE CONSTANT OF COAL DISSOLUTION 
( w i t h o u t  c a t a l y s t )  

i 

\ 

t 



227 

1' 

i 

0 

i 
I 



228 

.- 0, 0 

0 t 

In 
n 0 

u) 

0 
0 c 
(u 0 

D o 4  0 

I 



1 

229 
i 

, 
\ 

\ 

i 
h 

J 

I 



, 
1 
1 
I 
/ 

a 

a 
a 

230 

G 

8 



’. 
, 

23 1 

\ 

, 

\ 

I 
b 
i 

0 
c 

L 
0, 
P 
x al 

x 

P 

I 

n z 
4: 



232 

0,8 

0,6 

0,4 

/ U N I V .  O F  U T A H ' S  E X P ' T  RUNS 

V P .  & M. RECYCLE RUNS 

0 P .  & M. S I N G L E  THROUGHPUT RUNS 

TEMP. = 4 0 O O + ~ 4 7 5 ~ C  

/ 

002 0,4 0,6 0,8 

( c/s 1 

Figure 10 E F F E C T  OF COAL T 3  SOLVENT R A T I O  ON CCAL L IQUEFACTION.  
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LOW SULFUR COAL OBTAINED BY CHEMICAL DESULFURIZATION 
FOLLOWED BY LIQUEFACTION 

R .  A. Meyers and J .  W .  Hamersma 

TRW Systems and Energy, Rcdondo Beach, Cal i forn ia  90278 

R .  M. Baldwi?, J .  G .  Handwerk, J .  H .  Gary, 3 .  I). Golden 

Checi cal and ?etroleum Refici n g  Engineering Departmect 
o f  the  Coloradc School of Mines, Golden, Colorado 80401 

The su l fu r  content of coa l ,  near ly  a l l  of which i s  emitted 

as  su l fu r  oxide during combustion i s ,  on the  average, about equally 

d i s t r ibu ted  between two chemical forms, inorganic ( i r o n  Dyrites) and 

organic s u l f u r .  

A n  unconventional approach f o r  near t o t a l  removal of the 

p y r i t i c  s u l f u r  conten t  of coal was recent ly  reported by Meyers 

i n  t h i s  journa l" ) .  

a regenerable aoueous f e r r i c  so lu t ion  a s  out l ined  i n  eqs 1 and 2 

fi 
This new technique involves treatment of coal w i t h  

( 2 )  

FeS2 + 4.6 Fe2 (S04)3 + 4.8 H20 -+ 10.2 FeS04 + 4.8 H2S04 + .8S (1)  

2.4 O2 + 9.6 FeS04 + 4.8 H2S04 -f 4.8  Fe2(SO4l3 + 4.8  H20 ( 2 )  

. followed by a separa t ion  of generated elemental s u l f u r  and iron su l f a t e , '  

Subsequent labora tory  inves t iga t ions  demonstrated t h a t  the process could 

reduce the s u l f u r  conten t  o f  30-40% of the U.S. Appalachian coal 

reserves t o  t h e  0.7 t o  0.8% su l fu r  leve l  needed t o  meet the Ambient 
Air Qua l i ty  Act (3) . 

Coal l iquefac t ion  (Figure lA), t he  c a t a l y t i c  or non-catalytic 

hydrogenation of coal in a coal derived so lvent  t o  produce a u t i l i t y  

fuel!4) has been demonstrated t o  remove in the range of 40-60% or more of 

the organic s u l f u r  from coal by conversion to hydrogen s u l f i d e ,  and t o  be 

capable o f  removing near ly  a l l  of the inorganic su l fu r  and most of the 

, 

i 
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ash if a su i tab le  means f o r  f i l t r a t i o n  o f  the micron-sized 

residue from the viscous l i q u e f i e d  coal could be developed. 

the f i l t r a t i o n  technology necessary t o  accomplish the de-,as 

norganic 

To date, 

i n g  o f  the 

l i q u e f i e d  coal and l i m i t e d  organic s u l f u r  reduct ion have been the major 

problems associated 'w i th  l ique fac t ion ,  p a r t i c u l a r l y  w i th '  the non- 

c a t a l y t i c  version, known as so lvent  r e f i n e d  coal .  

We have invest igated the combination o f  the Meyers Process w i t h  

a s i m p l i f i e d  form o f  coal l i q u e f a c t i o n  (Figure 1B) i n  order t o  begin t o  

devise a p o t e n t i a l l y  economical, v iab le  combined process. 

the f i l t r a t i o n  s tep i s  e l iminated so t h a t  desu l fu r iza t ion  i s  e f f e c t e d  by a 

combination o f  f i r s t ,  f e r r i c  i o n  leaching t o  remove p y r i t i c  s u l f u r  and 

second, hydrogenation t o  remove a s i g n i f i c a n t  por t ion  o f  the organic s u l f u r  

as hydrogen su l f ide .  

ash content less the p y r i t e  which has been removed. This ash, which i s  a lso  

a p o l l u t a n t  when coal i s  combusted i n  a power p lan t ,  can be removed by 

ava i lab le  e l e c t r o s t a t i c  p r e c i p i t a t i o n  and bag house techniques a f t e r  

combustion but p r i o r  t o  emission i n t o  the atmosphere(5). 

I n  our approach, 

The product coal, however, contains the normal coal 

We selected two coals, from the Muskingum (Ileiggs Creek No. 9 seam) 

and the Camp (Yy No. 9 seam) mines, f o r  our invest igat ions as representat ive 

o f  the two major coal basins east o f  the Miss iss ipp i  River, the Appalachian 

and Eastern I n t e r i o r .  

Samples o f  run-of-mine coal (6)  were cleaned t o  remove rock f rac t ions  i n  order 

t o  represent the product normally obtained from mines a f t e r  coal p r e p a r a t i ~ n ( ~ ) .  

The two mines are among the la rges t  i n  the U.S. 

1 
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The cleaned coals were then chemical ly desul fur ized u t i l i z i n g  the 

Meyers Process and r e s u l t e d  i n  93-98% removal of p y r i t i c  su l fu r .  

o f  each chemically desu l fu r ized  coal and two samples o f  each untreated coal 

were subjected t o  i d e n t i c a l  and t y p i c a l  batch type coal ’  l i que fac t i on  con- 

d i t i ons ( * )  one hour residence t i m e  i n  4 t o  1 weight r a t i o  o f  solvent t o  coal. 

The f i l t r a t i o n  step was omit ted (Figure l e )  and the solvent was recovered. 

The resu l ts  are tabu la ted  i n  Table 1. 

Two samples 

Expts. 2 and 4, i n  which coal containing 

p y r i t e  was charged t o  t h e  reac tor  and Expts. 1 and 3, which had been chemical ly 

desul fur ized p r i o r  t o  hydrogenation , show very s i m i l a r  organic s u l f u r  

reduct ion and heat content increase. I n  a l l  cases the small amount o f  

s u l f a t e  sur fu r  present i n  the coal  was destroyed during the hydrogenation 

Rrocess. 

. _ -  . 

We conclude t h a t  (i) the presence o r  absence o f  p y r i t e  does n o t  

ma te r ia l l y  a f f e c t  e i t h e r  the  hydrogenation o f  organic s u l f u r  o r  the uptake 

o f  hydrogen by the coal matr ix as re f l ec ted  i n  the  organic s u l f u r  and b t u  

changes, respect ively;  ( i i )  near ly a l l  of the p y r i t e ,  when present i n  the  

coal  samples (Expts. 2 and 4 ) ,  i s  converted under the hydrogenation 

condit ions t o  i r o n  s u l f i d e  and hydrogen s u l f i d e  as i n  eq 3, 

FeS + H2 9 FeS + H2S 
2 

as has been shown fo r  mineral  p y r i t e  under s i m i l a r   condition^(^); and 

(iii) the two coal samples, although from d i f f e r e n t  coal basins, behaved 

s i m i l a r l y  under hydrogenation condi t ions.  

(3 )  
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It i s  notable t o  p o i n t  ou t  t h a t  the Ky. No. 9 (Camp) coal was 

.reduced t o  0.85% t o t a l  s u l f u r  (Expt. 3) w i t h  a heat content increase t o  

14156 btu, by the combination o f  chemical desu l fu r iza t ion  and hydrogenation, 

meeting the requirement o f  0.6 l b  sulfur/106 b tu  establ ished by the Federal 

Ambient A i r  Q u a l i t y  Act f o r  power p l a n t  f u e l  f o r  new s ta t ionary  sources. 

Thus, t h i s  coal could meet the federal standard u t i l i z i n g  the combined process 

It therefore appears t h a t  a combination o f  the Meyers Process w i t h  
'> 

a s i m p l i f i e d  form o f  coal l ique fac t ion ,  as described i n  Figure l B ,  i s  

techn ica l l y  feasible f o r  the  desu l fu r iza t ion  o f  coal t o  meet p o l l u t i o n  contro l  
1 

I1 ' standards(10y11 I. 
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steps o f  the Meyers Process could poss ib ly  be deferred t o  the 
hydrogenation step as a fu r ther  combined process s i m p l i f i c a t i o n .  
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